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THE MICRODETERMINATION OF SERIFTE AND ETHANOL- 
AMINE IN PHOSPHOLIPIDE HYDROLYSATES* 

Bt CHESTER F. BURMASTER 

(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The Unirersily of Rochester, Rochester, New York) 

(Received for publication, March 2S, 1946) 

During an investigation (1) of the reactions of periodic acid vrith the 
water-soluble products of cephalin hj-drolj-sis, a quantitative reaction of 
this reagent with ethanolamine was discovered. Titration by the arsenite 
method of Fleurj’ and Paris (2) showed that 1 mole of periodate was re- 
duced per mole of ethanolamine. It was found that, after the addition of 
dilute sodium hydroxide solution, 1 mole of ammonia could be recovered by 
distillation from the products of the reaction. The discoverj-, by Folch 
and Schneider (3), of a serine phospholipide in brain cephalin limited the 
use of this reaction for the determination of ethanolamine in phospholipides, 
since Nicolet and Shinn (4) had previously described the formation of am- 
monia by the reaction of periodate with serine. It was evident that, for 
cephalin hydrolysates containing serine and ethanolamine, the ammonia 
produced by the reaction of periodate measvned both of these amino com- 
pounds. Other constituents of phospholipide hydrolysates, namelj* inositol 
and a-glycerophosphate, although they react with periodic acid (2, 5), 
do not interfere, since only compounds having a hydroxyl group and an 
amino group on adjacent carbon atoms produce ammonia. 

A method with the microdiffusion technique described by Conway (6) 
was developed for measuring the ammonia formed by the action of periodate 
on serine and ethanolamine. The serine nitrogen was separately deter- 
mined fay the method of Van Sl3'ke and Dillon (7) in which the carbon 
dioxide formed by the reaction of an a-amino acid (such as serine) with 
ninhydiin is measured. When the periodate nitrogen value of a phospho- 
lipide hydrolj'sate is corrected for the carboxyl nitrogen, the difference 
measures the ethanolamine nitrogen. 

Method 

Apparatus — The microdiffusion cells were constructed according to the 
directions of Bandemer and Schaible (8) from 50 mm. and 100 mm. Petri 
dishes. The small dishes were cemented in the center of the large dishes 

* The data in this paper are taken from a thesis submitted to the Graduate School 
of the University of Rochester in partial fulhlment of the requirements for the degree 
of Doctor of Philosophy. A preliminary report of these data has appeared (1). 
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SERINE-ETHANOLAmNE DETERMINATION 


■with paraffin. Square pieces of photographic glass, ground on one side 
■with No. 300 carborundum powder and then greased with vaseline, served 
as covers for the larger dishes. 

Reagents — 

0.005 N hydrochloric acid containing a few drops of mixed indicator (0.08 
gm. of methyl red and 0.02 gm. of methjdene blue dissolved in 100 cc. 
of 1:1 alcohol-water solution and adjusted to a neutral gray color with 
0.005 N sodium hydroxide). 

0.005 N sodium hydroxide, carbonate-free. 

0.05 M periodic acid. 11.4 gm. of HsIOe from the G. Frederick Smith 
Chemical Company, Columbus, Ohio, in 1 liter of water. 

Saturated potassium metaborate solution. 61.9 gm. of boric acid and 
56.1 gm. of potassium hydroxide were ground together in a mortar, then 
carefully dissolved in 120 cc. of water. 

Procedure — Introduce 1 to 5 cc. of 0.005 n acid by pipette or micro 
burette into the central chamber of the diffusion cell and 1 to 5 cc. of the 
water-soluble extract from an acid hydrolysate of phospholipide into the 
outer chamber. Tliis sample should contain 0.05 to 0.3 mg. of total serine 
and ethanolamine nitrogen. Add 1 to 5 cc. of saturated potassium meta- 
borate solution to the sample and mix by rocking the cell. Place the cover 
on the cell, sliding it so as to cover all but a small portion of the outer cham- 
ber. Pipette 1 cc. of 0.05 m periodic acid through this small opening and 
quickly slide the cover shut. Mix the contents of the outer chamber by ro- 
tation and allow diffusion to proceed at room temperature overnight. 
Titrate the standard acid remaining in the central chamber to a neutral 
gray color •with 0.005 n base. Carry out a similar procedure, without the 
use of periodate, on a sample of the same size, to serve as a blank on the 
reagents and on any ammonium salts in the hydrolysate. The difference 
between the sample and the blank gives a measure of the serine ethanol- 
amine nitrogen. If desired, the serine nitrogen may be determined on 
another sample by the ninhydrin procedure (7) and the ethanolamine 
nitrogen obtained by difference. 

Calculation — 1 cc. of 0.005 n base = 0.070 mg. of periodate N. 

experimental 

Stability of Ammonia in Periodate Solutions — 1 cc. samples of a standard 
ammonium suKate solution containing 0.022 mg. of rdtrogen per cc. were 
treated with (a) 5 cc. of saturated potassium hydroxide; (5) 1 cc. of 10 N 
sulfuric acid and 5 cc. of saturated potassium hydroxide; (c) 1 cc. of 10 N 
sulfuric acid, 5 cc. of saturated potassium hydroxdde, and 1 cc. of 0.05 M 
potassium periodate; and (d) 1 cc. of 10 n sulfuric acid, 1 cc. of 0.05 m po- 
tassium periodate, and after 15 minutes 5 cc. of saturated potassium hy- 
droxide. Theoretical amounts of ammonia were recovered in all but the 
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last case, in -which the recoverj’- -n-as low. These results indicated partial 
destruction of ammonia by warm acid periodate but none by warm alkaline 
periodate. It is possible that, on mixing acid and base, some parts of the 
acid solution become heated momentarily before being neutralized by the 
alkali. 

Effect of Use of Various Alkalies to Free Periodate Ammonia — Table I 
shows the recoverj- of ammonia obtained when saturated solutions of po- 


Vkbve I 

Microdiffusion of Ammonia from Reaction of Periodate tcith Ethanolamine and Serine 


oUnine 

Bitrogen 

Scrice 

nitroftn 

added ia order civea to tolution of uaple £s 

1 cc. water; 20 bn. difinalon at rooa tessperatore 

Aeraonia recoTcred, 
nlcolated u 
aitrogea 

at. 

mt. 


nt. 

fer ttni 

0.262 


5 cc. saturated potassium hydroxide, 1 cc. 0.05 u 
periodic acid 

0.00 

0.0 


0.134 


0.015 

11.2 

0.262 


1 cc. 0.05 u periodic acid; after 20 min., 5 cc. satu- 
rated potassium hydroxide 

0.262 

100.0 


0.134 

<( l< 

0.025 

18.7 


0.134 

1 cc. 1 N sulfuric acid, 1 cc. 0.05 m periodic acid; 
after 20 min., 5 cc. saturated potassium hydroxide 

0.009 

6.7 

0.105 


2 cc. saturated potassium carbonate, 1 cc. t).05 u 
periodic acid 

0.104 

99.0 

0.105 

0.118 

« <1 

1 cc. 1 N sulfuric add, 1 cc. 0.05 u periodic add; 
after 20 min., 2 cc. saturated potassium car- 
bonate* 

0.113 

95.8 

0.102 


6 cc. saturated potassium metaborate, 1 cc. 0.05 u 
periodic acid 

0.102 

100.0 


0.190 

fC <C 

0.189 

99.4 

0.218 


1 cc. 5 N sulfuric acid, 1 cc. 0.05 m periodic add; 
10 cc. saturated potassium metaborate at once 

0.217 

99.5 


0.190 

t€ $1 

0.190 

100.0 

0.218 


1 cc. 5 K sulfuric add, 1 cc. 0.05 u periodic acid; 
after 20 min. 10 cc. saturated potassium meta- 
borate j 

0.206 

94.6 


• Cover blew off owing to carbon dioiide. 


tassium hj'droxide, potassium carbonate, or potassium metaborate were 
used to free the ammonia produced by periodate in alkaline and acid solu- 
tions of ethanolamine and serine.* The reaction of periodate -with ethanol- 

* The ethanolanune was from a middle fraction collected on distillation of ethanol- 
amine (Eastman Kodak, No. 1E97). It gave a value of 99.65 per cent by electrometric 
titration to pH 4.8 -with standard acid. The serine was prepared by reorystallization 
of dl-serine (Eastman Kodak, No. 4618) from 50 per cent alcohol followed by dehydra- 
tion with absolute alcohol. 
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amine or serine -was incomplete in potassium hydroade solution. The 
use of potassium hydroxide to free ammonia from the reaction of ethanol- 
amine or serine -ft-ith periodate in acid solutions also gave very low results. 
Considerable heat was generated on addition of this alkali to acid solutions, 
but the recovery of ammonia was less than could be attributed to any 
mechanical loss due to the heat alone. The use of potassium carbonate 
■with acid samples caused less generation of heat, but there was also a 
momentarj’ liberation of carbon dioxide which caused the wall of the unit 
to be spattered uith liquid. The reaction of serine with periodate in po- 
tassium carbonate solution required 58 hours for completion. Potassiiun 
metaborate, which is a reagent recommended by Conw^ay (6) to avoid the 
heat generated in the outer chamber of a diffusion cell w'hen strongly acid 


Table II 

Recovery of Serine and Elhanolamine Nitrogen Added to Phospholipide Hydrolysate 


Experi- 

ment 

No. 

Ethinola- 

mine 

nitrogen 

Serioe 

nUrogen 

Lccithm 

I 

Potassium 

dihydtogen 

phosphate 

iDOSilol 

Sodium 

glyceto- 

phosp^ate* 

! Acidity 

1 

1 solution 

Ammonia 
recovered, 
calculated fts 
nitrogen 

i 


ms* 

wjf. 

ms* 

ms* 

ms* 

ms* 

' s 

mi. 1 


It 



None 


0.250 

1.539 

2 



2 

mm 


(( j 

0.323 j 

0.250 

1.539 

1 2 



3 

0.202 


25.3 

0.323 

0.250 

1.539 

1.2 

IS 

mm 

4 



25.3 




1 

. _ 1 

0.004 




0.318 

99.4 










* Contained 52 per cent of the a -iosmer. 

t The fiamples of Experiments 1 and 2 contain all of the known water-soluble 
components of a cephalin hydrolysate. 


solutions such as those from Kjeldahl digestions are treated with potassium 
hydroxide or potassium carbonate, gave excellent results with both ethanol- 
amine and serine. 

Effect of Periodate on Choline — Since all but the purest cephalin prepara- 
tions contain lecithin, it was necessary to see whether the procedure with 
periodate in metaborate solution at room temperature had any effect on 
choline. Microdiffusion was used to measure the volatile bases freed from 
choline hj'drocbloride by (a) alkali alone, (6) periodate and alkali, and (c) 
alkali after treatment for 1 hour at room temperature with periodate in 
1 N sulfuric acid solution. A small amount of base was freed by alkali 
alone. This amount was not increased by the presence of periodate or 
by pre-treatment with acid periodate. 

Recovery of Senne and Elhanolamine Nilrogen Added to Phospholipide 
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Ht/drolysale — ^The detenmnation of serine and ethanolamine nitrogen by 
the use of periodate in metaborate solution was tested in the presence of 
all of the known water-soluble constituents of the h 3 'drolysates of cephalin 
and lecitlun. In these cases, the determinations were all carried out on 
acid samples because, in our experience, it has been found that hydrolysis 
of phospholipides must be carried on in acid solution in order to prevent 
loss of nitrogen from ethanolamine and serine. A known solution of 
ethanolamine and serine was made up containing all the known water- 
soluble constituents of a cephalin hj’drolj'sate (potassiiun dihydrogen 
phosphate, inositol, sodium a-glj'cerophosphate, and sodium /3-glj'cerophos- 
phate) and analyzed for serine and ethanolamine nitrogen. This solution 
was then added to a lecithin hydrolj'sate’ and the mixture analj’’zed. A 
cephalin hydrolysate could not be used, since it would contain an imknown 
amount of ethanolamine and serine. The results are given in Table 11. 
As can be seen, the recovery of serine and ethanolamine nitrogen in the 
presence of all the known water-soluble constituents of a phospholipide 
hydrolj*sate was practically theoretical. 0.118 mg. of serine nitrogen was 
found bj' the ninhj'drin method (7) on another aliquot of the combined 
solutions. Subtraction of this value from the 0.318 mg. of periodate 
nitrogen found by the diffusion procedure gave 0.200 mg. of ethanolamine 
nitrogen. These results are also in good agreement with theorj’. 

DISCUSSION 

The periodate nitrogen method described here gives a more specific 
measure of cephalin than does the nitrous acid method (10) used heretofore, 
since compounds other than serine and ethanolamine may react with 
nitrous acid. For example, Folch and Van Slj'ke (11) have reported that 
urea and amino acids are sometimes present in phospholipide preparations 
and that these compounds interfere with the measurement of cephalin 
nitrogen by nitrous acid. 'While it has been reported that hydroxjdj'sine 
reacts with periodate to form ammonia (4), there has been no indication 
of the presence of this compound in phospholipide extracts. 

Ramsay and Stewart (12) have reported the use of a microdifiusion 
method for the determination of ethanolamine with periodate and saturated 
potassium carbonate solution. They were able to obtain all of the theoreti- 
cal ammonia from ethanolamine alone, but onlj' 65 to 70 per cent of theory 
from ethanolamine added to phospholipide hj’drolj'sates. It is believed 
that their low results maj* have been due to their use of potassium car- 

’ The lecithin was prepared from egg yolk by the procedure of Levene and Rolf 
(9). It was hydrolyzed by heating for 24 hours in 1 N hydrochloric acid, the fatty 
adds were filtered out, and aliquots of the filtrate were taken for the experiments 
shown in Table n. 
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bonate. When this alkali is used -with an acid solution such as a phos- 
pholipide hj'drolysate, there' is some generation of heat and e'volution of 
carbon dioxide, ■which may cause some mechanical loss and also some de- 
struction of ammonia by hot acid periodate. 

In addition to eliminating the difficulties mentioned above, the use of 
metaborate makes it possible to set free any preformed ammonia from the 
sample before addition of the periodate. This is impossible ndth potassium 
hydroxide or potassium carbonate because of the incomplete reaction of 
serine •with periodate in the presence of these solutions. 

SUMMARY 

A method has been described for the determination of ethanolamine and 
serine nitrogen by microdiffusion of ammonia produced by periodate in a 
solution nearly saturated with potassium metaborate. It has been sho-vsTi 
that by this method cephalin nitrogen can be measured in the presence of 
all the knovTi components of phospholipide acid hydrol3^ates. 

The author wishes to acknowledge his great indebtedness to Dr. W. R. 
Bloor for making this work possible. 
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ON THE ACTIVATION OF CATALASE 
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(From the Deparimenl of Biochemieiry, Aeio York Slate College of Agriculture, Ithaca) 

(Received for publication, April 6, 1946) 

Kreke, Bartlett, and Smalt (1) have found that a product obtained by 
detracting bakers’ yeast trith alcohol (2), vrhen present to the extent of 
0.5 to 1.0 mg. of digest, accelerates the decomposition of hydrogen peroxide 
by crude catalase. They ran their determinations at 24° and expressed 
their results as per cent of hydrogen peroxide decomposed after different 
intervals of time. We have recalculated the results of one of thdr experi- 
ments as velocity constants, or K values, and present these in Table I. 
When extrapolated to zero time the K value obtained by using yeast extract 


Table I 

Velocity Constants for Catalase Aciirity 


Di^tka at 2i* 

K valac with yeast extract 

S valae without yeast exti’act 

ntM, 

h 

0.062 

0.030 

in 

0.072 

0.030 

15 

0.064 

0.023 

sn 

0.052 

0.029 

2.5 

0.043 

0.028 

an 

0.03S 

0.025 

35 

0.035 

0.024 

40 

0.030 

0.025 


is 0.074, while the value without yeast extract is less than one-half of this, 
or 0.032. We are unable to explain why yeast extract should be able to 
exert such a marked accelerating action upon catalase. Ereke ei al. suggest 
that the yeast extracts contain iron complexes which may act to keep the 
catalase in the oxidized form. But since catalse is not reduced even by 
such a powerful reducing agent as sodium dithionite, we consider this 
hjiiothesis to be unlikely. 

We have prepared three yeast extracts exactlj' as described by Kreke 
el al. and find that thej' do not accelerate the decomposition of hydrogen 
perojdde either by crystalline beef liver catalse or bj' crude rat liver cata- 
lase, either at 0° or at 20°. Here we have employed the method of von 
Euler and Josephson (3) and also a modification of the method of Jolles 
(4). Our results, expressed as K values e.xtrapolated to zero time, are 
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sho'nn in Table II. It is alwa3’'s possible, of course, that the yeast extracts 
prepared by us are somehow different from those prepared by ICreke cl qI, 
Since catalse is rapidly inactivated by hydrogen peroxide, it is preferable 
to express catalase activity by extrapolating to zero time, and it is best to 
run the determinations at 0°. K values determined after catalase has 
reacted with hydrogen peroxide for some minutes can be used to show 
whether or not some added substance is capable of protecting the catalase 


Table II 

Effect of Yeast Extract on Different Catalases 


Catalase used 

Method of detenoination 

Temp* 

erature 

S value 
ivilh 
yeast 
fraction 

K value 
Tfitbout 
yeast 
fraction 




‘C. 



Crystalline beef liver 

von Euler and Josephson 

0 

0.046 

0.046 

it tt 

tt 

tt tt tt tt 

0 

0.053 

0.055 

it ti 

tt 

tt tt tt tt 

20 

0.057 

0.056 

tt tt 

tt 

tt tt tt tt 

0 

0.061 

0.067 

it tt 

tt 

tt tt it tt 

0 

0.039 

0.045 

Crude rat liver 


tt tt tt tt 

0 

0.014 

0.016 

tt tt tt 


tt tt tt tt 

20 


0.043 

tt tt tt 


JoUes 

0 


0.047 

tt tt tt 


tt 

0 


0.026 


Table III 

Effect of Yeast Extract on Activation and Destruction of Catalase 
Temperature 24°; ground rat liver as source of catalase. 


BI^estioD time 

K value Trithout yeast extract 

K value with yeast extract 

nin, 

5 

0.036, 0.039, 0.038 

0.035, 0.038, 0.040 

10 

0.034, 0.035, 0.034 

0.038, 0.038, 0.039 

15 

0.029, 0.033, 0.031 

0.035, 0.037, 0.038 

20 

0.029, 0.031, 0.029 

0.036, 0.035, 0.036 


from destruction by peroxide. Our data, given in Table III, are from 
triplicate determinations carried out exactly like those of ICreke el al, 
both with and without the addition of yeast e.xtract. The data show 
plainly* that while the j'east extract does not activate the catalase it does 
protect it from destruction, since values after 20 minutes are higher when 
the extract has been added than in its absence. 

SUMMARY 

Contrarj' to the claim of ICreke, Bartlett, and Smalt, our yeast extracts 
did not increase the activit j' either of crude or of crj^stalline catalase. The 
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extracts did protect crude rat liver catalase from inactivation by hydrogen 
peroade at 24°. 
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THE CYTOCHROME c-CYANIDE COMPLEX 

Br B. L. HORECKER and ARTHUR KORNBERG 

[From the Industrial Hygiene Research Laboratory and the Division of Physiology, 
national Institute of Health, Bethesda, Maryland) 

(Received for publication. May 6, 1946)_ 

In the course of studies mvohung the reduction of ferricytochrome c by 
the succinic dehj’drogenase sj-stem, it was observed that in the presence 
of C3’anide there is a progressive decrease in the amount of reducible cyto- 
chrome c. This action of cyanide on cj'tochrome c had previouslj' been 
reported by Potter (1), together with other evidence indicating the forma- 
tion of a ferricj'tQchrome c-cj-anidc complex, particularly a shift in the 
absorption maximum from 5300 to 5350 A. 

As a result of their spectroscopic observations, Keilin and Hartree (2, 3) 
had concluded that cj’tochrome c, unlike other ferriheme proteins, did 
not form a cyanide complex, and until the work of Potter this conclusion 
was generally accepted. Their failure to observe the shift in the position 
of the absorption maximum maj' be attributed to the fact that the shift is 
too small to be detected by direct visual examination. Keilin and Hartree 
also noted that the reduced bands of cj'tochrome c appeared when cyanide 
Was added to a crude j’east or tissue preparation. This obsen’ation, how- 
ever, is not inconsistent with the existence of a ferricj’tochrome c-cj’anide 
complex, since the rapiditj' reduction of cjdochrome c in such prepara- 
tions will preclude anj' appreciable reaction between cyanide and ferri- 
cytochrome c. 

In the present investigation, the change in spectrum of oxidized cj’to- 
chrome c in the presence of cj-anide has been confirmed. The kinetics of 
the reaction between cj'anidc and ferricytochrome c have been studied in 
detail, and constants for the reaction derived therefrom. The results of 
these kinetic studies offer an explanation for the sluggish nature of the 
reaction, the relativelj’ high concentrations of cj’anide required, and the aj> 
parent irreversibilitj’ noted bj’ Potter. In addition, a new band is de- 
scribed for ferricytochrome c at 6925 A, which maj" be observ’ed in concen- 
trated solution and which disappears on addition of cj'anide or reduction. 

EXPERISTENTAL 

Cytochrome c — ^This was prepared from calf heart bj’ the method of 
Keilin and Hartree (2), except that the cj'tochrome solution was finaUj’ 
dialj’zed against distilled water and evaporated to a dry powder from the 
frozen state. The preparation contained 0.24 per cent Fe. Bj' repeating 
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the final (NH4)2S04-trichloroacetic acid precipitation, the Fe content was 
raised to 0.35 per cent. 

Recently Keilin and Hartree (4) have described a method whereby the 
Fe content of their cytochrome c preparation was increased to 0.43 per cent 
by precipitation -nith (NHO 2 SO 4 at pH 10.0. By this procedure a prepara- 
tion was obtained which contained 0.41 per cent Fe.^ 

The kinetic measurements described below were obtained mth the cyto- 
chrome c preparation containing 0.24 per cent Fe. Since the extinction 
coefBcients based on Fe content are not affected by the further purification 
(4, 5), these results are considered to apply as well to pure cytochrome c. 
The absorption spectra of concentrated solutions in the red region are com- 
pared for the various preparations described. 

To insure complete oxidation of the cytochrome solutions, these were 
brought to pH 4.0 with 0.1 N HCl and aerated before neutralization and 
further dilution for each experiment. 

Sxiccinic Dehydrogenase — ^This was prepared from rat heart by the 
method of Stotz and Hastings ( 6 ), except that the -washings with water were 
omitted. From 3.5 gm. of rat heart about 4 cc. of a succinic dehydrogenase 
suspension were obtained. These preparations were stored in the refriger- 
ator and used for 2 weeks. 

Cyanide Solutions — 0.15 M KCN solutions were freshly prepared for each 
e.xperiment by dissol-ving 500 mg. in water and neutralizing with 1.0 x 
HCl. 5.0 cc. of 0.5 M phosphate buffer, pH 7.4, were then added and the 
total volume brought to 50 cc. Appropriate dilutions in 0.05 m phosphate 
buffer were prepared as required. 

Succinate Solutions — ^2.5 gm. of sodium succinate 6 HjO were dissolved 
in 5.0 cc. of 0.5 M phosphate buffer, pH 7.4, and diluted to 50 cc. to give a 
0.185 M solution. 

Fe Determinations and Dry Weights — Fe contents of the cytochrome prep- 
arations were determined by the method of Delory (7). Dry weights of 
the preparations containing salt were determined bj’- the ignition method 
described by Keilin and Hartree (4). 

Spectrophotometry and Colorimetry — The cytochrome solutions were 
analyzed -nith the Beckman spectrophotometer at 5500 A after reduction 
with Ka; 3 : 04 . The extinction coefficient based on Fe content at this wave- 
length was found to agree -with that given by Theorell (8), although for 
ferricytochrome c and for ferrocytochrome c at 5200 A the extinction coeffi- 
cients were somewhat lower. The absorption spectra were also deter- 

> With the addition of i volume of NH,, as prescribed by Keilin and Hartree, the 
pH was_9.6, rather than 10.0. However, with larger volumes of NHj, the (NHO-SO. 
saturation was reduced and no purification was obtained. Failure to obtain a purer 
preparation may be due to the low pH value. 



B. L. HORECKER AND A. KORR'BERG 


13 


mined with the Beckman spectrophotometer, ^vith a slit width of 40 A in 
the blue and green and 50 to GO A in the red region. 

The kinetic measurements were made with the aid of a photoelectric 
colorimeter and a 5490 A filter transmitting between the e.xtremes of 5350 
and 5700 A. Mlth this filter the proportionality of density to concentra- 
tion was obtained for ferricytochrome c over the entire range, but for re- 
duced cytochrome c only when the concentration was maintained below 
2.0 X 10"® M, with a 1.0 cm. cell. Within this range the conversion of 
ferriciriochrome c to ferrocytochrome c followed the equation 

(1) C (ferricytochrome c) — — — ■ — — X l(ri* 

0.069 

where C (ferricytochrome c) is the concentration in moles per liter, 7o 
the intensity of incident light, and I the intensity of transmitted light. 
Fe'*"'^ and re++ represent the solution before and after the ferricyt-ochrome 
c was converted to ferrocj’tochrome c by enzymatic reduction. 

Although cyan-ferricjriochrome c is not appreciably reduced by succinic 
dehydrogenase over relatively long periods of time, as obseiwed by Potter, 
it is readily reduced by Is'a-S-O*. For the conversion of cyan-ferricj'to- 
chrome c to ferrocj'tochrome c the following equation was foxmd to apply. 


C (cyan-ferricytochrome) = 




Both Equations 1 and 2 are valid for solutions in which no other changes in 
light absorption are taking place. 

In the determination of the rate and equilibrium constants for the reac- 
tion 


(3) Ferricytochrome c CN" cyan-ferricytochrome c 

the concentrations of free ferricj'tochrome c and of the cyanide complex 
were determined from the change in optical density produced by succesave 
additions of excess succinate-succinic dehydrogenase and NacSiOj, Equa- 
tions 1 and 2 respectively' being applied. Since the total cytochrome con- 
centration was given by the final value, these results served to check each 
other. Suitable corrections were made in each case for turbidity con- 
tributed by the succinic dehydrogenase added. 


Rate of Reaction 

Ferricytochrome c was incubated with various concentrations of cyanide 
at several temperatures. At intervals during the incubation p)eriod ali- 
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quots were removed from the mixture and treated with a succinate-succinic 
dehydrogenase mncture. The quantity of enzyme added was sufficient to 
reduce completely the ferricytochrome c present in less than 0.2 minute. 
The results of a typical experiment are given in Fig. 1. 1.52 X 10"* m 
ferricytochrome c was incubated with 0.0045 m, 0.015 m, and 0.03 m KCN 
in a total volume of 10.0 cc. in 0.05 m phosphate buffer, pH 7,4. At the 
time intervals indicated by the points on the curves, 1.0 cc, quantities of 
the cytochrome-cyanide mixtures were added to 0.5 cc. of a solution of 



Fio. 1. The rate of formation of cyan-ferricytochrome c at 24°, pH 7.4. Curve 1, 
KCN 0.0045 M, CN- 7.9 X I0-» m; Curve 2, KCN 0.015 u, CN” 26 X 10"' m; Curve 3, 
KCN 0.03 M, CN- 53 X lO"* m. 

0.037 M succinate in 0.05 m phosphate buffer, pH 7.4, containing 0.005 cc. 
of succinic dehydrogenase. Optical densities were measured after reduc- 
tion by enzyme and again after addition of about 2 mg. of dry NajSjOi. 
The pH of each solution was determined at the end of the reaction. At the 
beginning and end of the experiment 1.0 cc. samples were diluted with 0.5 
cc. of water and the density determined in order to establish the base value 
for computation by Equation 1. The values for intermediate times were 
obtained by interpolation. 

As shown in Fig, 1, the rate of combination of cyanide with ferricyto- 
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chrome c follows the equation for a reaction of the first order 


d logio (ferricytoglirome e) 
dl 


= t^(CX-) 


from which it may be concluded that the reaction involves 1 mole of 
ferriciiochrome c and 1 mole of CN“ as represented in Equation 3. The 
specific reaction velocity constant, is obtained from the slope of the 
cun'es in Fig. 1. 


h 


2.303 

(CN-) 


X 


d logia (ferriQ-tochrome c) 
dl 


liter mule”' min."' 


In Table I are listed the values obtained for h at various temperatures. 


Tabix I 


Specific Rcaclion Velocity Constants for Formation of Cyan-ferricytochrome c 
h ■= liter mole”* mia."* 


2* 


37 * 

16.8 

590 

3440 

15.8 

510 

4160 

20.1 

4S0 

3840 

17.0 

550 


15.0 

500 


17.4 

SSO 



510 



590 


Average. .;. .17.0 

KO 

3SI0 


From the effect of temperature on the rate of the reaction, the heat of 
activation, A, may be calculated by means of the Arrhenius equation 

2.303(t log .0 k A 
dT “ RTs 

When the values of logio/; are plotted against 1/T, the reciprocal of the 
absolute temperature, the heat of activation computed from the slope 
of the fine obtained is 26,100 calories per mole. 

Equilibrium Constant 

The procedure for the determination of the equilibrium constant 

^ (ferrieytochrome cKCy~) 

(cyan-ferricytochrome c) 
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was similar to that for the determination of the reaction velocity except that 
lower concentrations of cj'anide and longer incubation times were used. 
To reduce loss of cj’-anide during the reaction, the cyanide-cytochrome 
nuxtures were transferred to 10 cc. syringes fitted with hypodermic needles 
immediately after preparation and the needle sealed by insertion into a cork 
stopper. Samples were delivered through the needle as required. Since 
there was no necessity for a very rapid enzymatic reduction, only one-fifth 



Fig. 2. Equilibrium between ferricytochrome c and cyanide at 27°. Curve 1, 
KCN 7.5 X 10-* M, pH 7.32, CN" 11.2 X IQ-'m; Curve 2, KCN 3.0 X 10"* m, pH 7.34, 
CN-4.7 X 10-«u; Curve 3, KCN 1.5 X lO"* m, pH 7.32, CN-2.24 X 10-»u; Curve 4, 
KCN 1.0 X 10-< M, pH 7.38, CN" 1.69 X 10-«m; Curve 5, KCN 0.5 X 10-< m, pH 7.40^ 
CN“ 0.88 X 10“*M. Circles represent values calculated from enzyme-reducible c^'to’ 
chrome; crosses represent values obtained by reduction of cyan-feriicytocbrome 
c by Na-SiO*. 


as much enzyme was used in order to reduce the size of the turbidity cor- 
rection. At the time of each determination, control samples were diluted 
with water and the densities measured. 

The results of a typical experiment are given in Fig. 2. The time re- 
quired to reach equihbrium varied with the temperature but in most cases 
at least two points were obtained after equilibrium was reached. In the 
experiments at 2° equilibrium had not been reached after 3 da 3 ’'s, and the 
curves were extrapolated to determine the asymptotic equilibrium values. 

Determinations of the equilibrium constant at the various tempieratures 
are summarized in Table II. From the slope of the curve obtained by 
plotting logic K against the reciprocal of the absolute temperature, the heat 
of the reaction is calculated to be — 6400 calories per mole, in the range of 
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temperature covered. The equation for the dissociation of cyan-ferricj'to- 
chrome c may therefore be vnitten 

Cyan-ferricytochrome c fcrricytochrome c 4- CN“ + 6400 calories 

In order to establish that the reaction involves cyanide ion, rather than 
undissociated HCN, the measurement of the equilibrium constant was re- 
peated at pH 8.0, at which the HCN is approximately 4 times as dissociated 
as at pH 7.4. The results, computed on the basis of cj’anide ion, were in 
agreement with those obtained at pH 7.4, whereas constants computed on 
the basis of the KCN concentration were only one-fifth as large. Similar 
results were obtained from the effect of pH on the reaction velocity. From 
these experiments it may be concluded that the reaction is correctly repre- 
sented by Equation 3. 


Tabix H 

Dissociation Constant of Cyan-femeytochrome c 
K moles per liter, average values. 


Tea pen tare 

KXiV 

X. 

2.5 

6.3 

IS.O 

4.2 

27.0 

2.6 

37.0 

1 

2.0 


While no quantitative measurements were made with cyan-ferricyto- 
chrome c as the starting material, the reverability of the reaction was es- 
tablished by dialysis after complete converaon to the complex. The 
recovered fenicytochrome was readily reducible by the succiruc dehydro- 
genase system. 


Ahsorplion Spectra 

As was pretiously indicated, the present study has confirmed the shift 
in absorption maximum reported by Potter. The change produced by 
Q’anide in this repon is, however, small compared to the decrease in absorp- 
tion observed in the red region. Here ferricytochrome c has a weD defined 
band at 6925 A, w’hich is absent in the cyan derivative and in ferrocyto- 
chrome c (Fig. 3) and also shows a hump at 6400 A. 

Rom the spectra obtained with the various cytochrome c preparations 
it IS eiddent that the band at 6925 A increases in intensity as the cydo- 
cRome is purified. The hump at 6400 A, on the other band, tends to 
diminish with purification. It is present as well in the spectra of Q'an- 
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ferricytochrome c and ferrocytochrome c. It is, therefore, considered 
likely that this hump represents absorption due to some impurity, while the 
6925 A band is attributable to ferricytochrome c itself. This conclusion is 



Fjo. 3. The absorption spectra of cytochrome c derivatives in concentrated solu- 
tion. The molecular extinction coefficients are based on Fe content. Curve 1, 
Fe 0.24 per cent; Curve 2, Fe 0.35 per cent; Curve 3, Fe 0.41 per cent. The curves 
for reduced and cyan-cytochrome c were determined with 0.41 per cent Fe cytochrome. 

Table III 


Properties of Cyanide-Ferricylochromc c Reaction 



1 25 * 

37 * 

Specific reaction velocity constant for formation, liter min.~^ 

660 

3810 

molc~^ 



Half time of formation of complex in 10“’ m KCN, pH 7.4, min. 

60 

10 

Dissociation constant, moles per 1. X 10* 

2.6 

1.9 

Fraction of cytochrome as complex at equilibrium in 10“’ m 

0.87 

0.93 

KCN, pH 7.4 



Specific reaction velocity constant for dissociation, nttn.~’ X | 

1.7 

7.2 

10* 1 



Half time of dissociation in absence of cyanide, mtn. 

407 

96 

Heat of dissociation, calories 

-6 

,400 

“ " activation “ 

26 

,100 


borne out by the kinetic beha\ior of the absorption at these wave-lengths 
in the presence of cyanide. 2.9 cc. of a 2.06 X 10-^ m solution of ferricyto- 
chrome c in 0.05 M phosphate buffer, pH 7.4, were treated with 0.1 cc. of 0.15 
M KCN and the change in absorption with time followed at 6900 and 6400 
A. At 6900 A there was a progressive decrease in density which, when 
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converted to ferricj'tochrome c concentration and plotted according to 
Equation 4, gave a linear relationship and a rate constant in excellent 
agreement n-ith those obtained fay enzjmatic reduction. At 6400 A, on 
the other hand, the density fell initially to a new value, after which the be- 
ha\’ior coincid^ with that obser\'ed at 6900 A, The magnitude of this 
initial decrease was such as to eliminate the hump completely and pve a 
smooth curve between 6200 and 6700 A. From this observation it might 
be concluded that the hump at 6400 A is due to an impurity which combines 
with cyanide more rapidly thandoes ferricj'tochrome c. This conclusion, 
however, is not in accord with the presence of the hump in the spectrum of 
cj-an-ferricj'tochrome c, and the nature of the 6400 A hump must therefore 
remain in doubt. 

One other observation of interest is presented in coimection with the ab- 
sorption measurements. When ferricj'tochrome c containing 0.24 or 0.35 
per cent Fe is treated with cj'anide, formation of the cj'anide derivative is 
accompanied bj' the appearance of a precipitate which must be removed bj’ 
centrifugation before the cyan-ferricj’tochrome spectrum is determined. 
No precipitate is formed, however, when ferricytochrome c containing 0.41 
per cent Fe combines with cj’anide. Apparently cj'anide is capable of 
sphtting o5 a fraction from that form of cj'tochrome c containing 0.34 per 
cent Fe in a manner similar to the dissociation at alkaline pH (3). 

In Table III, the important properties of the cyanide-ferricjriochrome c 
reaction are summarized. 


DISCOSSION 

In addition to Potter’s w'ork, there is a conriderable amount of indirect 
eridence for the action of cyanide at some locus other than cj’tochrome 
oxidase, Stannard (9) found a difference in the kmetics of the cj’anide 
senativitj’ of the respiration of resting and active muscle and showed that 
the resting respimtion was not inMbited bj’ azide. To account for these 
finihngs he postulated the existence of an alternative cj'amde-sensitive 
respiration mechanism. Winzler (10), on the basis of the kinetic behavior 
of j’east respiration in the presence of cj’anide, has also concluded that a 
second cj’anide-sensitive carrier is involved in addition to cj’tochrome oxi- 
dase. The possibilitj’ is suggested that this carrier is cj’tochrome c. How- 
ever, in view of the fact that the effect of cj’anide occurs “within a few 
seconds” this possibilitj’ appears unlikelj’. Winzler has calculated the dis- 
sociation constant of tMs cj'anide complex and found it to be 3.7 X 10~® 
M NaCK. Assuming the pH within the j’east cell to be the same as that 
of the medium, this would give a value of 3 X 10~’ for the dissociation con- 
stant computed on the basis of cj’ardde ion, indicating a much more stable 
complex than cj’an-ferricj’tochrome c. 

From the results of the present investigation, it maj’ be concluded that 
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the cj^anide-cytochrome complex \vill, because of the inhibition by cyanide 
of cytochrome oxidase, contribute little to the elfcct of cyanide on respira- 
tion. As a result of the immediate and complete inhibition of the oadase 
by cj'anide, cytochrome c will rapidly be reduced by the dehydrogenase 
s 5 ’stems, before appreciable combination with cyanide occurs. Only if 
there should exist an ojddation mechanism for cytochrome c less cyanid^ 
sensitive than cytochrome oxidase, mil the possibility arise for the in nw 
formation of cyan-ferricytochrome c. Perhaps the e.xistence of such an 
oxidation mechanism will account for the observations of Stannard and 
Winzler. 

The authors are indebted to Dr. Dean Burk and Dr. F. S. Brackett for 
helpful suggestions, and to Mr. Loyal G. Goff for technical assistance. 

SUMMART 

1. Ferricytochrome c and cyanide ion combine in equimolar proportions 
to form a cyan-ferricytochrome c complex. 

2. The kinetics of the reaction have been studied. The reaction is 
sluggish but results in the formation of a moderately stable complex. The 
heat of activation for formation of the complex is 26,100 calories. The 
heat of dissociation is —6400 calories. 

3. The shift in absorption maximum of ferricytochrome c in the presence 
of cyanide as reported by Potter has been confirmed. A new band is 
described for ferricytochrome c at 0925 A, which disappears on addition 
of cyanide or reduction. 

4. The physiological significance of the formation of the cyan-ferricyto- 
chrome c complex is discussed. 
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BIOPEnreiCAL STUDIES OF BLOOD PLASMA PROTEINS 

IV. SEPAIUTION* AND PURIFICATION OF A NEW GLOBULIN FROM 
NORMAL HUMAN PLASMA* 

Br H. F. DEUTSCH, R. A. ALBERT V, ast) L. J. COSTING 
{From the DepaTimait of Chemittry, VniTcrsity of Wisconsin, Madison) 

{Received for publication. May 13, 1916) 

The antibodies of various animal species immunized to different antigens 
have been sborvn to possess electrophoretic mobilities of either Y-globulin 
or of a component moving with the approximate velocity of fibrinogen 
(1-5). In the course of studies on the separation and removal of -y-globu- 
lin (6) from human blood plasma protein pastes prepared by ethanol pre- 
cipitation and known as lections II + III and III-l (7), it was noticed 
that a protein possessing an electrophoretic mobility comparable to that 
of fibrinogen was alwaj'S present in the residues resulting after such ex- 
tractions. The work to be reported here describes the concentration and 
purification of this additional, non-fibrinogen, normal hiunan blood plasma 
protein. For reasons to be disclosed we have designated it as Yi-globulin. 
On tins basis then, the normal serum 7-globulin is to be referred to as 
Trglobulin. Moreover, it is a consequence of these studies that the jield 
of the normal serum 7-globulin from the original Fraction 11 Hh III pastes 
is now increased to approximately 95 per cent. 

KXPERIMEXTAn 

The general techniques for the fractionation of normal serum 7-globulin 
were used. The starting material was that portion of Fraction 11 -k III 
(8) wMch precipitated at pH 5.1, ionic strength 0.01, ethanol concentra- 
tion 15 to 17 per cent, and temperature —6°, as carried out in the separation 
of normal human serum globulins (6) . This residue was suspended in distil- 
led water at 0° and a study was made of the variables salt, pH, and ethanol 
concentration in order to find the conditions necessary to effect solution of 
7i-globulin with precipitation of the remaining proteins. In all frac- 
tionations, the temperatures were maintained within 1° of the freezing 
pomt of the sj'stem; the pH measurements were carried out at 25° by means 
of a glass electrode. 

It was found that a set of conditions which was necessarj’ to maintain the 
major portions of the 71-globulin in solution with simultaneous precipitation 

* This work has been carried out under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Wisconsin. 
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of the lipide-containing /S-globuIins resulted in solution of the 72 -globulin 
as well. Thus, it became necessary to find conditions to resolve an initial 
fraction consisting of these two 7 -globulins into the two constituent pro- 
teins. The progress of the fractionation was evaluated (1) by means of dry 
weight analysis of the protein fractions and ( 2 ) by a study of their electro- 
phoretic patterns. The electrophoretic analyses were carried out at pH 8 , 6 , 
in a barbiturate-citrate buffer of ionic strength 0.088, in which the sodium 
barbiturate ions contributed 48 per cent of the ionic strength. The moiTDg 
boundaries were recorded with the usual Tiselius assembly, by the diagonal 
knife-edge schlieren method. The duration of an experiment was 2 hours 
with a potential gradient of approximately 10 volts per cm. 

Results 

The small amount of 71 -globulin and its relation to the other plasma pro- 
teins are shown by Fig. 1, which is an electrophoresis record of human 



Fio. 1. Electrophoretic diagram of human blood plasma and serum from the samr 
individual. 

plasma and serum from the same individual. In plasma diagrams this 
component is commonly estimated as fibrinogen but it can be clearly seen 
from the serum pattern that another protein is present. Cohn et ah ( 8 ) 
indicate that such a protein represents 3 per cent of the total plasma pro- 
teins. 

The Fraction II -b III contains the major portion of the serum 72 - and 
7 i-gIobulinB. After the removal of a large portion (75 to 80 per cent) of 
the 7 rglobuljn by the use of the procedure described in Paper III of this 
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series (6), there is formed s new protein residue which has the electro- 
phoretic composition shown in Fig. 2. Although the residual fibrinogen 
in Fraction II -f III has been denatured by prior chemical treatments, it is 
posable that a portion of the area indicated as yrglobulin may conast of a 
lysis product of fibrinogen, such as the ot-fibrinogen derivative of Seegers 
el <d. (9). However, as judged by the criterion of fibrin formation, no 
fibrinogen is present. Such a consideration makes difficult an evaluation 
of over-all yield of the 7t-^obulin in a recovery process. 

The main difficulty that had to be overcome in the recovery' of yrglobulin 
was the remo\'al, bj' precipitation, of the lipide-containing /?-globulins. 
Complete separation of the i9-globulin is difficult, and is impractical, if 
suitable yields of 71-globulin are desired. 



Fiq. 2. Electrophoretic diagram of protein paste used as the atarting material in 
fractionations. 

Thus, the primary object of our research was the removal by precipita- 
tion of such ^t-globulins from the protein solutions; these steps will be re- 
ferred to as Precipitations I in the report. As 7-globulins must be also 
removed from the supernatants by' precipitation procedures, these opera- 
tions win be described as precipitations II. ^ 

Initial experiments indicated that, at minimal ionic strengths (about 
0.002), the major portions of the jS-^obulins could be removed in aqueous 
solution at pH 5.1 with fittle loss of 7i-globulin. The use of lower pH 
values resulted in failure to precipitate a large part of the jS-globulins, but 
the use of higher pH values, while removing as much of this ^obulin, re- 
sulted in hi^ losses of 71-globulin by precipitation. Hence the initial 
step in all experiments was to remove the globulins (largely' /3-^obulins) 
insoluble at pH 5.1, and ionic strength 0.002, even without the addition of 
alcohol (Precipitation la). The presence of small amounts of ethanol 
(approximately 0.5 per cent) at this pomt was due to the alcohol content 
of the starting protein pastes (about 13 per cent by volume). The 
7-globuIins present in these supernatant solutions, when predpitated at 
pH 7.0, ionic strength 0.01, and ethanol concentration 20 per cent (Pre- 
cipitation Ila), showed an electrophoretic composition as indicated in 
Fig. 3. 
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It might be well to state at this point that the electrophoretic analysis of 
protein mixtures such as yi- and yrglobulins is somewhat arbitrary, because 
the resolution is poor. In a future report we noil deal wth this problem; 
namely, the ability to assaj’^ mixtures of known yi- and yrglobulin content 
by electrophoresis. 

Attempts to remove more ^-globulins (Precipitation Ib) by adjustments 
of the pH of the supernatant solutions resulting from Precipitation la were 
not satisfactory. Although products containing less than 10 per cent 
/3-globulins were regularly obtained, such attempts resulted in poor jdelds 
of the desired yi-globulin. The results of some experiments of this land are 


^ I 



Fia. 3. Eteetrapboretic diagram of proteiB in the starting material soluble at pH 

6.1, ;i = 0.002. 


Table I 

Effect oj pH Adjustments on Precipitation Step Ib 


Erperi- 

xsent 

Pptn. Ib 

FptB. Ha, 20 per cest 
ethanol 

YieW 

1 Electrophoretic snalysis 

1 

pH 


pH 





p-GIobulin 

A 

6.51 

0.0014 

7.10 

0.0067 

gm, 

10.2 

fcr cent 

30 

per cent 

64 

per cent 

6 

B 

6.05 

0.0017 

7.12 

0.0061 

7.6 

39 

54 

7 

C 

6.55 

0.0030 

7.20 

0.0069 

6.0 

30 

64 

6 

D 

7.20 

0.0160 

7.10 

0.011 

15.4 

1 

26 

65 

9 


collected in Table I. Except when otherwise indicated, the data in Tables 
I to IX refer to fractionations carried out on 200 gm. portions of protein 
pastes of the electrophoretic composition shown in Pig. 2. This corresponds 
to 50 to 60 gm. of dry protein. 

Since adjustments of pH of the supernatants following the Precipitation 
la step were not successful in removing substantial amoimts of the jS-globu- 
lins still in solution, other means to accomplish the purification were 
attempted. The use of added ethanol to attain such a separation was 
studied. 

While such experiments at various ethanol concentrations tended to 
show differences in yield rather than an improved separation of the ff- 
globulins, it was indicated that an ethanol concentration of 5 to 10 per cent 
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at this point (Precipitation Ib) could be used satisfactorily. These results 
are shown in Table II. 

Occasionally, albumin was a contaminant of the 71- and ^rglobulin 
product, along nith the / 3 -globulins. To keep the albumin and possibly a 
portion of the /S-globulin in solution while precipitating the 7-globulins, the 
effects of the use of higher pH values were investigated. As shown by the 
results in Table III, the use of pH 7 . 7 , with an ethanol concentration of 20 
per cent, was instrumental in gi\’ing an improved product (Precipitation 
Ila). 


Table II 

Effect of Ethanol Concentration on Predpilation Step Ib at pH 5.09 and p 0.0013 


Experi-\ 

intnt 

1 

Ethi&ol 
concentration 
(01 Pptn, Ib 

Ionic strength for 
Ppln. Ila, ^ 7Si, 
30 per cent 
ethanol 

Yield 

Electrophoretic analysis 

bnlin 

-Tt-Glo* 
bn] in 

btalin 

Albnrsin 


per eeni 


rn. 

per cent 

per cent 

per cent 

per cent 

A 

4.8 


17.0 

25 

66 

9 

0 

B 



16.0 

16 

76 

8 

0 

C 


0.005 

13.2 

23 

62 

8 

7 


Table HI 

Effect of pH on Precipitation Step Ila 

For Predpilation Ib the conditions were pH 6.10, p 0.0014, and ethanol concentra- 
tion 5 per cent. 


Experiment 

Pptn. Ila 

Yield 

Electrophoretic analysis 

pH 1 

n 

Ethanol 

TT-Globulin 

yj-Globnlin 

^Globulin 




per cent 

gm. 

per cent 

per cent 

per cent 

A 

Km 

0.045 

IS 

9.6 

29 

65 

6 

B 


0.027 

15 

12.4 

31 

62 

7 

C 

7.69 

0.045 

20 

14.2 

29 

68 

3 


The conditions indicated by Experiment C of Table III give a precipitate 
consisting largely of 71- and 7rglobulins (97 per cent). The ability to 
separate out such a fraction is considered to be an attainment in itself. 
This material may be used ( 1 ) as a source substance for the preparation of 
7i-globulin or (2) it may be developed for various clinical uses which may 
require antibodies present in the 7r-globulins of normal human plasma. 

The magnitude of this 71- plus 72-globulin fraction in comparison to the 
7rprotein Fraction II obtained by methods given earlier (6) is shown by 
Table A very appreciable increase in antibody recovery is indicated 
by these data. 
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Separation of -yi- and yi-QlobvMns — Sufficient amounts of starting mate- 
rial were not always available to obtain what might be called high grade 
globulin pastes for the studies in the development of a satisfactory set of 
conditions for the separation of -yr and 72 -globulins. In the preliminary 
studies, various precipitates were collected to give a material of the fol- 
lowing electrophoretic analysis: 26 per cent 72 -, 64 per cent 71 -, 7 per cent 
/S-globulin, and 3 per cent albumin. Although this sample contained ap- 
proximately 10 per cent of impurities (/9-globulin and albumin), the pres- 
ence of these proteins was not considered to be deleterious in such pre- 
liminary studies of the actual conditions necessary for satisfactory 
separation of the yi- and 72 -globulins. 


Tabu) IV 

Recovery of y-Globulin from Fraction II III 


Expsriment No. 

1 Diy yield. 
Fraction li* 

Dry yield, 

1 fraction 21 - + 
'r»-globuUn1 

Electrophoretic analysist 

oyvGlobnlin 

•n-Globulin 

^‘Globulin 


tm. 

gm. 

per cent 

per cent 

per cent 

1 

36 

26 

43 

63 

4 

2 

36 

1 

26 

29 

64 

7 


* Prom 400 gm. of Fraction II -f III paste. 

t From residue after extraction of Fraction II from 400 gm. of Fraction II -f- III 
paste. 

f Analysis of yi- -f TJ-globulin fraction. 

In the experiments, 3.5 gm. samples of the protein were suspended in dis- 
tilled water at 0° to give appro.ximately a 0.3 per cent solution, and 0.05 m 
acetic acid was added to adjust the solution to the pH range 5.1 to 5.3. 
After stirring the suspension for from 1 to 12 hours any insoluble material 
was removed by filtration. The clear solutions were studied to determine 
the best conditions of ionic strength, pH, ethanol concentration, and tem- 
perature, for the separation of 71 - and 72 -globulins. 

A procedure to precipitate the 71 -globulin, while maintaining the 72 - 
globulin in solution, appeared to be the most practical means to bring 
about this separation (Precipitation Ilb). The soluble supernatant pro- 
teins (largely 72 -globulin) were removed by elevating the pH to 7.4 ±0.1 
and bringing the ethanol concentration to 25 per cent. 

The effect of pH variations at a concentration of 12 per cent ethanol and 
an ionic strength of appro.ximately 0.01 at the step Precipitation lib was 
first considered. The salts used to adjust the ionic strength were sodium 
acetate and phosphates. All experiments were evaluated in terms of the 
amount and purity of 7 i-globulin separated. The results of some pre- 
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liminary experiments are shown in Table V. (The amounts of /S-^obulin 
and albumin in these preparations are not reported in Tables V to IX, 
since the emphasis is now on the actual separation of yi- and yi-globulins.) 

Increase in pH value resulted in higher jdelds of yj-globulin with, how- 
ever, a decreasing ratio of the 71 - to 7 rglobulin. Since both of these con- 
siderations were of importance, it was arbitrarily decided to select an inter- 
mediate pH range, namely 5.5, for further investigations. With this pH 
value and 12 per cent ethanol concentration, the effect of ionic strength 
variation was studied on solutions containing sodium chloride, as well as 
acetate-phosphate mixtures. The results of such experiments are recorded 
in Table VI, and suggested that ionic strength in the region 0.005to0.015 
represented the best conditions for the precipitation of 71 -globulin. At 
higher ionic strengths, increased amounts of 7 rglobulin were precipitated. 

TABti: V 


Effect of pH on yi-Glohvlin Seporoiion 


Erperineat 

1 Pptn. nb. 12 WT cent 

I euACol 

VieM 

Electfophotttic assiyiis 

pH 


Tr»-GIobtiUft 

'n-GlobuIia 

irr^lobalifl 

A ! 

S.25 

o.ocm 

|W. 

1.12 

^ CMl 

7 

ptr C99i 

79 

11.3 

B 

5.63 

0.0097 

1.46 

9 

72 

8.0 

C 

5.72 

0.011 

1.81 

11 

76 

6.9 


At lower iomc strengths smaller yields were obt^ed, althou^ the pre- 
cipitated protons contained a higher proportion of 71 -^obulin. For these 
reasons ionic strengths of 0.010 to 0.015 were used in subsequent experi- 
ments. No apprecaable differences between yields or purity of product 
from acetate-phosphate and from sodium chloride systems were observed. 
In working vrith small amounts of starting globulin pastes, such as were 
used in these experiments, conaderable variations in the yield of 71 -^obulin 
may be experienced. This is evident from the data of Table VI. 

A tlurd variable of the system, the concentration of ethanol, was also 
conadered. The results shown in Table VTI indicate that at a concentra- 
tion of 14 per cent ethanol, with pH 5.53 and ionic strength (acetate- 
phosphate) 0.005, higher jddds of 71 -globulin were obtained. Other ex- 
periments have chsclosed that an increase in ionic strength at 14 per cent 
ethanol will serve to precipitate more 7 rglobulin. In general, at pH 5.5, 
the effect of increased ionic strength at a constant ethanol concentration is 
to salt-out 7 i-globulin. Such an effect was likewise apparent in the data of 
Table IT for systems at constant alcohol concentration with variable ionic 
strength. 
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As a result of these experiments, the general conditions best suited for 
the separation of 71 - from admixtures with Vs-globulin are pH 5.5, ionic 
strength 0.005 to 0.015, and an ethanol concentration of 10 to 14 per cent. 
Experiments at the lower ionic strengths were generally carried out nith 
the higher alcohol concentrations and vice versa. It is evident that, at the 

Table VI 


Effect of Ionic Strength on yt-Glohulin Precipitation 



pptn. nb. 

12 per ccDt etbaool 

Ionic increment 


Electrophoretic analysis 

Experiment 

No. 

pH 

■ 

Sodium 

acetate 

Sodium 

phosphates 

NaCl 

Yield 

•ya-Glo- 

bulin 

n-Glo- 

bulin 

.£ 

*5 

0 

5 

*3 

.A 

0 

1 

6.49 

5.52 

0.0008 

0.0052 

per cent 

75 

50 

per cent 

25 

50 

■ 

em. 

0.21 

1.63 

fer cent 

N 

5 

per cent 

0 analye 
S3 

s 

16.6 


5.50 

0.020 

49 

51 


1.73 

9 

76 

8.4 

1-6A 

5.48 

0.002 

32 

13 


0.15 

No analys 

is 


1-6B 

5.48 

0.0051 

12 

5 


1.50 

3 

90 

30.0 

1-6C 

5.48 

0.020 

3 

1 

96 

2.00 

4 

88 

22.0 

1-7A 

5.66 

0.006 

7 

4 

89 

1.05 

3 

84 

28.0 

1-7B 

5.56 

0.009 

5 

3 

92 

1.25 

6 

84 

16.8 

1-7C 

6.56 

0.012 

4 

. 2 

94 

1.32 

5 

84 

16.8 

1-7D 

5.56 


3 

2 

95 

1.16 

5 

85 

17.0 


Table VII 


Effect of Ethanol Concentration on Precipitation of yi-Globulin 


Experiment 

Ethanol concentration 
for Pptn. Ilb, pH S.53, 
/lO.OOS 

1 

1 

Yield 

1 

Electrophoretic analysis 

Tt-GIobulin 

7 i*Globulin 

-yi-Globulin 

Tr*-Globulin 


per cent 

mmmm 

per cent j 

per cent 

■■i 

A 

6 


7 

61 


B 

10 


5 

76 


C 

14 

I 1.60 

5 

79 

■B 


penalty of low yield, relatively pure 7 rglobulins may be obtained, but, if 
higher yields are desired, the product is contaminated with varying amounts 
of 72 'globulin. 

The conditions suggested by the above experiments were applied to a 
protein sample, 15.7 gm. in weight, which resulted when portions of the 
proteins obtained in the experiments shown in Table II were pooled. After 
suspension and treatment as previously indicated, a precipitate (the 71 - 
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globulin) was taten off at pH 5 . 52 , ethanol concentration 10 per cent, and 
ionic strength 0.006. The supernatant solution was then adjusted to pH 
7.47 uith Na-HPOi and the ethanol concentration was brought to 20 per 


Table Vm 

Fraciional Separatitm of yi- and yt^Glohulin 


Materul 

Weight 

Electrophoretic 2 ai! 7 sls 

•jr»-Globolin ' 

7»-GlohTslia 

^-GloboHn 


fr». 

per unt 

per cent 

per eenS 

Starting 

15.7 

30 

65 

5 

pH 5.62 ppt 

3.8 

2.7 

94.3 

3.0 

7.47 “ 

8.9 i 

1 

85 

11 

4 



Fig. 4. Electrophoretic diagram of separation of a mixture of y,- and T-j-globulins 

cent to precipitate the yi-globulin. The results of this experiment are 
shown in Table VIII. The electrophoretic patterns follotting this separa- 
tion are shown in Fig. 4. 

^ Thus, it has been possible to obtain a 71 -globulin preparation of rela- 
tively high punty. 3 gm. of protein were lost during the fractionation. 
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However, it caa be readily seen that more yrglobulin was recovered in the 
fractionation than was indicated to be present in the starting material. 
The difficulty in the electrophoretic resolution and analysis of these two 
Y-globulins has been previously mentioned. 

The precipitates consisting largely of -yj-globulin often showed the pres- 
ence of various amounts of flocculent material after solution in 0.15 M 
NaCI at physiological pH values. A goodly portion of this insoluble mate- 
rial appears to be the high molecular weight component of the globulin 
(sm = 18 Svedberg units in the ultracentrifuge) which shows marked 
tendencies to denaturation, as indicated by insolubility. If the 71 -globulin 
paste which had been precipitated at pH 5.5 was suspended in a solution 
of pH 7.7 and ionic strength appro.^imately 0.05, a portion of the protein 
failed to go into solution. Removal of this material by centrifugation, fol- 
lowed by filtration of the supernatant solution through a thin pad of filter 
aid prior to final precipitation of the end-product, gives a protein which 
has good solution properties. However, portions of the heavier molecular 
weight constituent have been removed in this process. Studies of the 
stabilization and properties of this component are in progress. 

As a result of this work, the separation and concentration of the proteins 
of plasma concerned with antibody activity have been extended consider- 
ably. Steps in the procedure for the separation of these 7 -globulins from 
the Cohn Fraction II -J- III ( 8 ) of human plasma are summarized in the 
accompanying outline. 

As the description of actual fractionation procedures is completed, it 
should be remarked that protein pastes (Fraction II III or a residue 
thereof) which have undergone relatively long cold storage are more readily 
fractionated for 71 -globuIin than are fresh fractions. The basic difference 
appears to be a greater solubility of the /3-globulins in the case of the fresh 
protein pastes, with a consequently greater difficulty in preparing 71 - 
plus 7 i-globulin mixtures which are free of lipoproteins. 

By the methods described above, there have been obtained preparations 
of 7 i- 8 ^obulin in excess of 95 per cent purity, as judged by electrophoresis 
from pastes that have undergone relatively long storage. Sedimentation 
analysis of the protein shows the following general distribution into light 
and heavy components: sjou = 7 Svedberg units represents approximately 
70 per cent, and Siov, = 18 Svedberg units approximately 30 per cent of the 
protein. The light component is made up of two subcomponents with 
sedimentation constants S 200 = 7 Svedberg units and S 2 o«. = 9 Svedberg 
units. The Sz Otff ~~ 18 Svedberg units component associated mth purified 
7 i-globulin preparations to the ex-tent of 20 to 30 per cent is not found in 
purified 7 rglobulin preparations. The other two components, however, 
have the same sedimentation constant in 1 per cent solution as do the corre- 



DECTSCH, AUBEKTT, AIO) GOSTIKG 


31 


1 Klo Fraction H + HI finspended; 
pH 51, EtOH 177o, M 0.01, pTP- 
tein 1.5-2.5%. Centrifuge 


r : 

Ppt. Fraction II -1- HI residue: 3000 
ml. solution, pH 4.8-S.l (per kilo); 
stir 1-16 hrs.; NajHPOi to pH 51. 

1 

Supernatant; pH 7XM73, 
EtOH 25%i. Centrifuge 

! 



I 1 

Ppt. 7 j-globulin Supernatant 

discarded 

r“ 


i 

Ppt. largely jS-glohulin 

Supernatant; 633% ethan- 
ol to 10% concentration. 
Centrifuge 

1 

r 


i 

Ppt. largely ^-globulin 

Supernatant; Na-HPOi to pH 
7.7; 533% EtOH to 20% 


r 

Ppt. largely tt- and -ri-globulin. Sus- 
pend in pH 51-53 solution; stir 
30-60 min.; NajHP04 to pH S3 ace- 
tate-phosphate ; p 0 .005-0.015 ; 53 3% 
EtOH to 10-14%. Centrifuge 


Supernatant discarded 


I 

Ppt. la^ly -n-globulin. Suspend in 
solution; pH 7.7, p 0.05; stir 30 min. 
Centrifuge and filter centrifugate 


Supernatant; HaiHPOi to pH 
73-7.4; 533% EtOH to 
20%. Centrifuge 


Ppt. largely irglobulin 


Siromatant 

discarded 


Discard ppt. 


Supernatant; 533% EtOH to 
20%. Centrifuge 


Ppt. largely -ri-globulin 


Supernatant discarded 


spending components in 71 -gIobulin preparations. A tj-pical electrophoret- 
ic diagram for such a preparation is shown in Kg, 5. In Eg. 6 , A and B, 
are shown the molecular components for the same prot«n as revealed by 
ultracentrifuge analysis. 
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Immunological Studies — ^The proteins vhich have been obtained by the 
new fractionation procedures (Fig. 4 and Table VIII) are of interest be- 



Fig. 5. Electrophoretic diagram of purified -yi-globulin 




Fig. 6, A Fig. 6, B 

Fig. 6. Sedimentation diagram of purified n-globuHn in 0.15 M sodium chloride at 
218,000 times gravity. A, after 15 minutes; B, after 120 minutes. 


Table IX 

Immunological Tilers* of yi- and yz-Globulins 


Serration 

•yr-GlobuHn 

71-GlobuliD 

Dlphtheiia 

aotitoxio 

Influenza A 

Typhoid asglutinin 

Hiist 

1 Itouse 
' protection 


*'0" 


per cent 

per cent 






1 

95 

5 

0.4 

1.0 



2.7 


23 

72 

0.15 

0.5 

0.3 


15.0 

2 

97 

2 

0.87 i 

0.5 

1.5 

0.2 1 

0.75 


9 


0.34 

1.0 

2.5 

0.1 

7.5 

3 

95 

mEM 

0.61 

1.0 

0.7 1 

0.25 

1.5 


4 

85 


2.0 

0.5 

0.5 

16.0 

it 

0 

5 

0.004 

0.25 

0 

0.11 

1.5 


* Titers referred to the standard Fraction A66 of Enders (10). 
t This preparation contained 16 per cent albumin. 
t A preparation containing 87 per cent ^-globulin. 


cause of their antibody assay values. Some preliminary immunological 
assays of the 71 - and yrglobulins separated from a mixture of these two pro- 
teins are shown in Table IX. 
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A preparation that contained 87 per cent jS-globulin and which had been 
separated from the same starting material as were the 71 - and yrglobuhns 
gave verj' low antibody titers. The latter titers could be explained on the 
basis of the small amounts of 7 -globuUns present. Kxtremely interesting 
is the association of the major portion of the typhoid “ 0 ” agglutinins with 
the 7 i-globulin. 

The hemag^utinins of plasma are likewise associated with this 71 - 
globulin. A 71 - and 7 r-globulin preparation obtained from a Fraction 11 -1- 
III of pooled plasmas of group 0 and A (anti-; 8 ) individuals by the method 
of Melin (11) was separated into 7 i- and yrglobulin fractions. "With the 
test-tube titer hemagglutinin assay method of Pillemer ei cd. ( 12 ), it was 
found that the dilution titer of a 1 per cent solution of a preparation 93 
per cent in 7 j- and 5 per cent in 7 i-globu!in was 1 : 4 as compared to 1 : 64 for 
a preparation containing 73 per cent of 71 - and 18 per cent of 7 r-globulin. 
An additional 7 rglobulin preparation obtained from the typed Fraction 
II -b III by our earlier method ( 6 ) that was 95 per cent 71 - and 2 per cent 
7 i-globulin gave a 1 : 2 tit rr when assayed under analogous conditions. The 
titers of such 7 rglob lin preparations thus appear to be due to their 
content of 71 -globulin. 

The relation of the hi^er molecular weight components of our yi- 
globulin preparations to antibody activity has not been determined. 
Kabat (13) has indicated species differences in the molecular weight of 
antibodies, the human pneumococcus antibodies being reported to be 
Smi» = 7 Svedberg units in contrast to some other animal species. How- 
ever, the reports of Deutsch (14) and Davis et al. (15) indicate that the 
Wassermann antibody may be analogous to our heavier molecular com- 
ponent. It is interesting that such molecular species are present in a so 
called “normal” human serum protein fraction possessing antibody ac- 
tivity, and future studies to elucidate their biolo^cal r61es are in^cated 
and are in progress. 


DISCUSSION 

The 7 i-^obulin appears to be relatively labile in comparison with 
7 rglobulin, as judged by stability to heat. However, it has been demon- 
strated that it carries certain of the antibodj- proteins. This protein has 
sometimes been called grglobulin and is in many respects analogous to the 
“T” component of horse hyperimmune sera (4), Since the 7 i-globulin 
prepared in this -work, from residues that had undergone long standing at 
low temperature, is free of lipide and cholesterol and has associated with it 
a variety of antibodies, it is biologically and physically in a category with 
normal serum 7 -globulin. Because of the association of the term jS-globu- 
lin with the lipoprotems of plasma, we feel that the term 7 j-globulin is to be 
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preferred, and it has been used in this report. Thus, by analogy, the nor- 
mal serum -y-globulin is to be designated as ^rglobulin. Such a description 
■noil be less confusing in relating the antibody function of plasma proteins 
to a similar and easily recognizable terminologj'^ that has already estab- 
lished the precedent of association of the term y-globulin luth antibody 
function. 

Immunologically active proteins similar to the 71- and yj-globulins from 
human plasma apparently have been prepared from bovine serum by 
Smith ( 16 ). As already mentioned, similar proteins are present in the 
serum of the horse ( 4 ). 

The 7i-globuIin appears to comprise approximately 2 to 3 per cent of the 
normal human plasma proteins. By the method described above, approxi- 
mately 50 to 70 per cent of this protein is obtained in mixture ■with 7r 
globulin to give a new human plasma protein fraction. While this frac- 
tion as a whole has not been investigated clinically, immunological assay 
data indicate a significant increase in antibody ydeld. The usual recovery 
of this new 71- plus yrglobulin fraction from a kilo of the Fraction II -}- III 
paste is approximately 60 gm. of dry protein. This mixture can be sepa- 
rated into its component proteins if desired, with some fractionation losses. 
This brings the over-all yield of yrglobulin to approximately 95 per cent if 
our method for preparation of yrglobulin, described in Paper III of this 
series (6), is first applied to Fraction II -f III. The exact yields in the 
separation of 71- and 72-globulin mixtures eventually ixill be evaluated in 
terms of electrophoretic analy^sis with known mixtures of 71- nod 7r 
globulins. 

Detailed biological and physical properties of the purified 71-globulin will 
be described in future reports. 

The raw materials in the form of by-product pastes containing and 
7-^obulins (obtained in the processing of normal human plasma for albu- 
min) were supplied through the generous cooperation of Dr. F. A. Eberly 
of The Upjohn Company, Dr. J. D. Porsche of Armour and Company, and 
Dr. F. F. Johnson of the Cutter Laboratories. 

The typed Fraction II -h III "was obtained through the courtesj’’ of the 
Department of Ph5'sical Chemistry, Harvard Medical School. 

All immunological assays other than hemagglutinin titers were carried 
out by Dr. J. F. Enders and Miss J. C. Sullivan of the Hartmrd Medical 
School. We nish to tha n k these individuals for their generous aid and 
interest. 

We wish gratefully to acknowledge the helpful suggestions of Dr. J, W. 
Williams during the course of tlus work. 
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SUMilAET 

As a result of investigations having to do ivith the separation of the 
globulin constituents of normal human plasma, procedures have been 
developed for the isolation of a fraction consisting of two proteins concerned 
aith antibody function. The starting material is a by-product protein 
paste from which some normal serum T-globulin has been previously ex~ 
tracted. From this new fraction it has been possible to separate a protein 
which we have designated as 71 -globulin to differentiate it from the other 
component, the usual 7 i-globulin of normal serum. 

The application of these procedures is also important in that a consider- 
able increase in jaeld of the proteins of human plasma concerned with 
antibody production results. Thus, the jrield of 7 j-globulin which had 
been already increased from some 50 to 80 per cent by our earlier investiga- 
tions now is brought to the over-all figure of 95 per cent by the successive 
application of the prior and the new conditions in the subfractionation of 
Fraction II + III. The 71 -globulin is also an interesting protein from the 
point of view of its antibody content. 
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PAIRED FEEDING IN THE STUDY OF THE COUNTERACriON 
BY NICOTINIC ACID AND TRYPTOPHANE OF THE 
GROWTH-DEPRESSING EFFECT OF CORN IN RATS 
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The possibility that a deficiency of certain essential anuno acids might 
be a factor in the etiologj' of pellagra was postulated as early as 1914 by 
Voegtlin (1). Chick and Hume (2) reported in 1920 the production in 
monkeys of symptoms closely resembling those of pellagra by prolonged 
feeding on a diet of low protein content. The administration of trypto- 
phane to one monkey staved ofi death for many weeks. Some beneficial 
results from the treatment of pellagrins with tryptophane and cystine were 
also observed by Goldberger and Tanner (3). Chick, however, rejected the 
theories that pellagra is due to an amino acid deficiency or to vitamin Bj 
deficiency because they did not explain the association of epidemic pellagra 
with maize consumption. She proposed as a theory, “Pellagra is caused 
by a toxic substance derived from the maize diet, which can be corrected 
by sufficient ‘good’ protein, or perhaps by sufficient vitamin B-” (4). 

Elvehjem and his coworkers (5) demonstrated the specific anti-black- 
tongue activity of nicotinic acid and nicotinamide. Very shortly after, 
nicotinic acid was also successfully' used in human pellagra. The work of 
Dann (6) and of others has shown that a dietary source of nicotinic acid is 
not required by' the rat. Recently Krehl, Teply', Sarma, and Elvehjem 
(7, 8) reported a gron th inhibition in rats, attributable to nicotinic acid 
deficiency, by adding com or com grits to a purified diet very low in 
nicotinic acid. This growth retardation could be prevented by' trypto- 
phane as well as by' nicotiiuc acid or by an increase in the level of casein. 

It is interesting in this coimection that Szymanska and Funk (9) at- 
tributed an appetite-stimulating and weight-preserving action to nicotinic 
acid and the amide. Later, Funk and Funk (10) also reported that 
nicotinic acid, and especially' nicotinamide, produced in rats and pigeons 
kept on a diet free of the 'V'itamin B- complex, a much larger food intake and 
better weight compared with the controls. This suggested to Gyorgy' (11) 
the supplementation of his vitamin Be-deficient diets with nicotinic acid. 
No difference was observed in the production or progress of the rat acro- 
dynia and in the rate of growth in the experiments. However, “the addi- 
tion of nicotiiuc acid to the diet surprisingly resulted in the complete su{}- 
pression of panmy'elophthisis, a complication which was a common occur- 
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rence in rats kept under the same nutritional conditions but without 
nicotinic acid.” 

More recently Wooley and Sebrell (12) found that young rabbits fed a 
purified ration supplemented with pure vitamin preparations including 
nicotinic acid grew at a nearly normal rate. Rabbits receiving no nicotinic 
acid lost weight and died. However, rabbits fed the diet contaming an 
adequate amount of nicotinic acid, but no more food than their litter mates 
receiving the nicotinic acid-deficient ration, died as early as the deficient 
animals and showed similar symptoms. The authors stated, ‘‘It is possible 
that the signs and symptoms showm by these rabbits were due to slow 
starvation brought about by anorexia when nicotinic acid was excluded 
from the diet.” 

The possibility that a depression of appetite may account for the effect 
of com in depressing growth and its counteraction by nicotinic acid or 
tryptophane is an obvious suggestion of the literature cited. The question 


Table I 

Results of ad Libitum Feeding Trial 


R»Uon 

Mean food 
btake 

Me&s gam is 
weight 

Stasderd enor 
a{ mean nin 
in weight 


tm, ftr tri. 

rn. per vi. 

tm. pa wi. 

Basal 

71 

25.6 

1.0 

“ -b 40% corn grits 

45 

8.8 

1.4 

" + 40% “ <• + 1.5 mg. % nico- 
tinic acid 

SO 

25.3 

1.6 

Basal -b 40% corn grits -b 0.1 % l(—)- 
tryptophane 

78 

24.4 

1.8 


arises, therefore, to what extent is the growth retardation produced due to a 
specific vitamin (or amino acid) requirement, and to what extent is it due 
merely to generalized undemutrition. The distinction between a gener- 
alized undemutrition and a deficiency of nicotinic acid (or tryptophane) 
would be revealed by the use of paired feeding to equalize the food intakes 
of comparative animals. 


EXPERIMENTAL 

In the experiments here reported the conditions described by the Wis- 
consin group were essentially duplicated, employing a paired feeding 
technique as well as ad libitum feeding. The basal ration used had the 
following composition : Labco casein (three times extracted nith 95 per cent 
ethanol) 15, sucrose 78, com oil 3, Salts 4 (13) 4, and cystine 0.15 parts. 
Vitamins were incorporated in the ration at the following levels: thiamine 
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Table II 

ResulU of Paired Feeding Trialt 


lUtKo. 

St3>pteent to ntJOtx 

'ood inule 

Mets aia 
Lairtisht 

ViSatsat 

ProtabiEty 
ot chattce 
ctilcKae* 



in. vi. 

tn. ptr irl. 



1 

None 

34 

8.2 



2 

40% com grits 

34 

5.0 

BM 


3 

None 

39 

10.4 



4 

40% com grits 

39 

8.1 



5 

None 

45 

15.6 

2.8 


6 

40% com grits 

45 

12.8 



7 

None 

41 

11.2 



8 

40% com grits 

41 

9.9 



9 

None 

38 

12.5 



10 

40% com grits 

33 

9.0 



Means 

None 

39 

U.6 

2.6 

<0.0019 


40% com grits 

39 

9.0 



ni 

40% com grits 

32 

5.0 

91 



Same + nicotinic acid 

32 

6.4 



■9 

40% com grits 

35 

7.5 

BM 



Same + nicotinic a<sd 

35 

8.8 

■9 


■9 

40% com grits 

38 

8.2 



■9 

Same + nicotinic acid 

38 

9.2 

1.0 


mm 

40% com grits 

43 

8.2 



18 

Same + nicotinic acid 

43 

9.4 



19 

40% com grits 

37 

7.8 

BH 


20 

Same + nicolitnc acid 

37 

8.8 

99 


Means 

40% com grits 

37 

7.3 

MB 



Same + nicotinic acid 

37 

8.5 

99 

<0.0019 

21 

40% com grits 

50 

13.5 

MB 

■■■ 


Same + tryptophane 

50 

14.6 

mSM 



40% com grits 

33 

6.8 




Same + tryptophane 

33 

7.2 

0.4 



40% com grits 

36 

7.4 



26 

Same + tryptophane 

36 

8.5 

1.1 


27 

40% com grits 

37 

5.8 



28 

Same + tryptophane 

37 

8.0 

2.2 


29 

40% com grits 

37 

9.0 



30 

Same + tryptophane 

37 

9.0 

0 


Means 

40% com grits 

39 

8.5 




Same + tryptophane 

39 

9.5 

1.0 

0.031 


•"Student,” Biometrika, 6, 1 (190S). 
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0.2, riboflavin 0.3, pyridoxine 0.25, calcium pantothenate 2.0, choline 
chloride 100, inositol 10, 2-methylnaphthoquinone 0.1, and biotin 0.01 mg. 
per 100 gm., respectively. Halibut liver oil (diluted 1:2 vith com oil) 
was fed at a level of 2 drops per week, with a-tocopherol included at 0.5 
mg. per drop. Sjuithetic folic acid^ was used in place of the norit eluate 
preparation at a level of 11.5 7 per 100 gm. of ration. The vitamin and 
cystine levels were maintained in hoth the basal and corn-supplemented 
rations and the nicotinic acid content of the basal ration was 0.003 mg. 
per 100 gm. by assay with Lacldbadllus arabinosus. 

Fifty weanling male litter mate rate ranging in weight from 43 to 48 
gm. were used in the investigation. Five pairs of rate were emploj'ed in 
each of three feeding teste involving equalized feeding and five rate in each 
of four groups in the ad libitum feeding teste. A record was kept of the 
food consumption in the ad libitum feeding. The e.xperimente were all 
of 5 weeks duration. The results are summarized in Tables I and II. 

The ad libitum feeding teste reveal that the addition of com grits to the 
basal ration results in a marked depression of growth associated with a 
decreased food consumption. The addition of nicotinic acid or of tryp- 
tophane to the corn-supplemented ration produced a marked improvement 
in food consumption and a gain in weight corresponding to that obtained 
on the basal ration alone. The paired feeding teste demonstrate that the 
incorporation of nicotinic acid or tryptophane in the com-supplemented 
ration produced slight but statistically significant greater gains in young 
rate at the same level of food consumption. Thus under the conditions of 
these e.vperimente both nicotinic acid and tryptophane produced a some- 
what more efficient use of the ration for growth. 

In a report which appeared in print after these e.vperiments were initiated 
&ehl et al. (14) observed that the animals fed the com-supplemented ration 
developed a rough fur coat nith occasional alopecia and an accumulation 
of a reddish exudate of porphyrin-like material, as originally described by 
Chick, Macrae, and Worden (15), in animals deprived of the filtrate- 
fraction, on the paws, around the nose, and on the tail. These symptoms 
also developed in our experiments among those rate receiving the basal 
ration plus com grits, and were prevented by either nicotinic acid or tryp- 
tophane both in the ad libitum teste and in the paired feeding teste. 

mscussiON 

The paired feeding teste demonstrate that most of the marked stimulation 
in growth produced by the nicotinic acid or tryptophane supplements to 
the com grits ration was associated with an increased caloric intake. 

* We wish to thank Dr. E. I,. R. Stokstad of the Lederle Laboratories, Inc., Pearl 
River, New York, for kindly supplying us vdth synthetic folic acid. 
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When the caloric intakes -were equalized the growth stimulation of these 
supplements ■was reduced from 16 gm. per "week to an average of 1.0 to 
1.2 gm. Even the depression in growth induced by the addition of 
40 per cent com grits to the basal ration largely disappears ■when the 
rations are compared on the equicaloric basis, decreasing from an average 
of 16.7 gm. gain per ■week to one of 2.6 gm. The latter figures may be 
taken to represent the inherent effect of the dietary modifications imposed, 
uncomplicated by associated effects upon appetite. But the reality of 
these difi'erences in inherent growth-promoting value, however small, 
seems establiriied by the paired feeding tests, though no data are available 
to judge to what extent these differences may be due merely to differences 
in water and fat contents of the carcasses of the test animals. 

Taking at their face value these stimulations in gro^wth on equicaloric 
intakes of food induced by the nicotinic acid or tryptophane supplement 
to the com grits diet, it seems unnecessary to attribute them to c h anges 
induced in the synthetic actridties of the microorganisms of the intestinal 
tract, since in ad libilum feeding tests Krehl and associates (14) secured 
similar results ■with nicotinic acid and tryptophane supplements whether 
administered to the experimental rats by mouth or subcutaneously. 
They can more reasonably be associated "with functions outside the sphere 
of tissue protein synthesis. Indi\-idual amino acids are precursors of 
hormones and in other guises may enter into reactions in which ■vitamins 
also participate. A case in point is the association of methionine and cho- 
line in transmethylation reactions and in preserving normal hepatorenal 
functioning. Either methionine or choline may rectify the deleterious 
effects of a low level of dietary protein containing a low concentration of 
methionine. This analogy suggests a similar relationship between nico- 
tinic acid and trjiJtophane when the dietary intake of both is low. Under 
these conditions the ability of the rat to ^mthesize nicotinic acid may be 
inadequate to meet the situation, just as its ability to synthesize choline 
may be inadequate when the methionine intake is low. Tryptophane may 
substitute for nicotinic acid, just as methionine may substitute for choline. 
In fact, in the pig, an animal whose ability to synthesize nicotinic acid is 
absent or ne^gible, a hi^ protean diet may largely ob^viate the need for a 
dietary source of nicotiiuc acid, conceivably because of the excess tryp- 
tophane thus proidded (16). The biological function, whatever it may 
prove to be, in which nicotinic acid and tryptophane may participate 
interchangeably, seems to be associated ■with the maintenance of a normal, 
healthy alimentary' tract upon which a normal appetite depends. 

Rosen, Huff, and Perlzweig (17) in a recent note reported a drop in 
urinary excretion of nicotinic acid by adult rats when caspin was replaced 
by gelatin, and an increase in nicotinic acid excretion on addition of 50 
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mg. of tryptophane either orally or subcutaneously. They interpret these 
observations to indicate that tryptophane may be the important precursor 
of nicotinic acid synthesis in the rat. These data may also be interpreted 
as indicating a sparing action of nicotinic acid by tryptophane. Smgal 
et al. (18) found a sharp decrease in the urinary nicotinic acid of rats placed 
upon the low protein, com grits diet of ICrehl et al. (7). The addition of 
1.0 mg. per cent of nicotinic acid or the increase of the casein content of the 
diet to 20 per cent (which counteracts the growth depression induced by 
addition of corn) did not alter the amount of nicotinic acid excreted. WTien 
0.5 per cent I (— )-tryptophane was included in the diet, a large increase was 
observed in urinary nicotinic acid which, upon acid hydrolysis but not 
alkaline hydrolysis, was increased further some 2- to 3-fold. 

Briggs (19) has reported that the addition of 10 per cent gelatin to a diet 
which contains IS per cent casein caused a marked depression in the growth 
rate of chicks and caused the production of typical nicotinic acid deficiency 
sjunptoms. All inhibitory action w'as cmmteracted by supplementing with 
either 5 mg. of nicotinic acid or wdth 200 mg. of dZ-tryptophane per 100 
gm. of diet. In a preidous report, Briggs and other (20) found that chicks 
receiving the basal ration synthesized only about one-sixth of their total 
nicotinic acid requirement. Feeding of succinyl sulfathiazole revealed 
that little or no intestinal synthesis of nicotinic acid occurs in chicks re- 
ceiving a purified diet. 


SUMMARY 

The addition of as much as 40 per cent of com grits to a basal diet low in 
nicotinic acid and containing 15 per cent of casein depresses the food con- 
sumption of growing rats and the rate of growth. The depression of 
growth is largely, but not entirely, due to the depression of the desire for 
food, since it still occurs when the caloric intake of the animals on the 
basal diet alone is restricted to that of the animals on the com grits ration. 

The addition of either nicotinic acid or of tryptophane to the com grits 
ration induces a resumption of growth in the rats consuming it, largely, but 
not entirely, associated with a concomitant increase in food consumption. 

It is concluded from these and other obsen’’ations reported in the liter- 
ature that the mherent physiological effects of nicotinic acid and trypto- 
phane, not dependent upon an increase in the intake of food, are probably 
not related to a modification in the synthetic capacities of the body or of the 
microorganisms of the intestinal tract, but possibly to some unknown 
function in the body in w'hich nicotinic acid and tryptophane participate 
interchangeably, analogous to the interchangeable relations in metabolism 
of choline and methionine. 
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United States Public Health Service, Bethesda, Maryland) 

(Received for puhlication. May 14, 1546) 

Several investigators (1-5) have concluded that the complete oxidation 
of catechol in the presence of tyrosinase requires only 2 atoms of oxygen 
per molecule. We have reinvestigated this enaymic reaction and have 
found the consumption of oxygen to be dependent upon the conditions of 
the experiment. Under some circinnstances, it may be as high as 3 atoms 
per molecule. 


EXPERIMEKTAIi 

The oxygen consumption measurements were made with Barcroft 
differential tj^pe manometers fitted with side arm flasks of approximately 
18 ml. capacity. The total volume of fluid in each flask was always 
brought to 3.0 ml. by varying the quantity of buffer solution added to the 
main compartment of the flask. The tyrosinase was diluted 4vith water 
until 0.5 ml. contained the deared concentration of the enzyme and this 
quantity was then delivered into the side arm of the flask. After introduc- 
tion of the solutions, the manometer flasks were immersed in a water bath 
at 25.6° and flushed out with water-saturated oxygen for 5 minutes wHle 
shaking at a rate of 110 oscillations per minute. After closing the mano- 
meters, 5 minutes were allowed to assure equilibrium. The en^me was 
then tipped from the ade arm and the measurement of the rate of the 
reaction begun. 

The volumes of the flasks and manometer tubes were detenmned from 
the weight of mercury required to fill them and the conversion factors 
for 0; and CO- calculated according to Dixon (6). As a further check the 
COj factors were determined by tipping an excess of HjSOi on a known 
amount of NaHCOj. The greatest difference between any pair of the 
COj factors determined by the two methods was less than 2 per cent. 
The 1.0 ml. pipette used to measure the catechol solutions delivered with 
an error of less than 0.5 per cent. 

'!^o tyrosinase preparations were employed in this study. The first 
(enzyme I) was made by extracting the natural substrate from frozen, 
ground mushrooms (7). The subsequent steps followed were those de- 
scribed by Ludwig and Nelson (4) to the point at which our preparation 

4S 
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corresponded to their Preparation ClOlA. It initially contained 311 
catecholase units per ml., or 104 imits per mg. of diy weight, as determined 
by the chronometric method of Miller ei al. (7). At the time it was 
employed in this study some months later, it contained 273 catecholase 
units per ml., or 90 units per mg. of diy weight. Enzyme II was obtained 
by following the dhections of Ludwig and Nelson (4) throughout and again 
corresponded to their Preparation CIOIA. It contained 96.5 catecholase 
units per ml., or 121 units per mg. of dry weight. This enzyme was used 
within a few days of its preparation. 

The catechol was obtained from the Eastman Kodak Company, and 
melted at 104-105° (corrected). 



Fig. 1. The o.vygen coasumed during the enzymic oxidation of 0.73 mg. of catechol 
with increasing quantities of tyrosinase. The number of catecholase units is indi- 
cated for each curve. McH vain’s phosphate-citrate buffer was used (pH 5.1). 

Results 

The measurement of the oxygen consumption during the enzymic oxida- 
tion of catechol was carried out in a series of experiments in which enzyme 
concentration, catechol concentration, and pH were systematically varied. 

Fig. 1 shows the results obtained when the enzyme concentration was 
varied from 2.1 to 137 catecholase units per 3 ml., while the amount of 
catechol was fixed at 0.73 mg. and the pH at 5.1. The total oxygen con- 
sumed increased from 57 c.mm. with 2.1 enzyme units to 188 c.mm. with 
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17 units. With 137 units, 180 c.mm. were consumed. The volumes of 
oxygen utilized at each emyme concentration, as diovm in Fig. 1, were 
recalculated in terms of atoms of oxygen consumed per molecule of catechol. 
The data so obtained, up to 34 units of ensyme, are plotted in Fig. 2. The 
atoms of o:o^gen consumed increased rapidly to 2.5 uith approximately 
10 units of enzyme. Further increase in the concentration of enzyme 
resulted in no further increase in the oxygen taken up.* 

The results obtained with fixed enzyme concentration and varying 
concentrations of catechol at different hydrogen ion concentrations are 



Fio.2. Atoms of oxygen consumed per molecule of catecliol as a function of 
catecholase units in 3 ml. of reaction volume. 

shown in Figs. 3, 4, and 5. The enzyme concentration was fixed in these 
experiments at 41 imits because at this value it was unlikely that the total 
oxygen consumed would be a critical function of the enzyme concentration 
(Fig. 2). The upper graph in Fig. 3 shows the results obtained at pH 3.1. 
Only 0.36 atom of oxygen was consumed per molecule of catechol oxidized, 
but the enzyme was found to be rapidly inactivated at this hj’drogen ion 

‘After this manuscript was completed, a sample of tyrosinase was Idndly furnished 
us by Dr. Irwin Sizer. This sample was described as contmning 2750 chronometric 
catecholase units per ml., or per 23 mg. of extractive solids. The e.xperimenta de- 
scribed in Figs. I and 2 were repeated with this preparation. The number of atoms 
of oxygen consumed per molecule of catechol reached 238 at Zi units of enzyme. 
Higher concentrations of enzyme gave the same value. 
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concentration. This inactivation was proved by the addition of more 
catechol from the second side arm of the manometer flask without further 
consumption of oxygen. At each of the other hydrogen ion concentrations 
the enzyme was sho^vn to be active at the conclusion of the experiments. 
The lower graph in Fig. 3 shows the results obtained at pH 4.5. The 



Fig. 3. The oxygen consumed in the oxidation of increasing concentrations of 
catechol at pH 3.1 and 4.S, with enzyme concentration fixed at 41 catecholase units. 
Heading from the lowest cun'e up, the amounts of catechol used per 3 ml. of reaction 
volume were 0.18 mg., 0.37 mg., 0.73 mg., 1.10 mg., and 1.46 mg. McUvain’s phos- 
phate-citrate buffer was used. The atoms of oxygen consumed per molecule of cate- 
chol are indicated for each curve. 

number of atoms of oxygen consumed per molecule of catechol varied 
between 2.45 and 3.05. The highest value was obtained with the lowest 
concentration of catechol. 

In order to prove that the number of atoms of oxygen consumed was 
not a characteristic peculiar to the enzyme initially employed, two prepara- 
tions were used to obtain the data illustrated in Fig. 4. The data given 
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in the left half of the figure were obtained with enzj-me I. The atoms of 
oxygen consumed per molecule of catechol varied between 2.46 and 2.88, 
In the right half of the same figme are the data obtained with enzjTue II. 
The atoms of oxygen consumed per molecule of catechol varied in this case 
between 2.47 and 2.80. The experimental conditions for these two sets 
of data were the same, except for the enzyme preparation, and the results 
were identical. 



Fig. 4. The oxygen consumed in the oridation of increasiag concentrations of 
catechoi by two enzyme preparations at pH 5.1 (McHvain’s buffer) , The concentra- 
tion of enzyme I was 41 catecholase units per 3 ml. and the concentration of enzyme II 
was 39 catecholase units per 3 ml. Reading from the lowest curve up, the amounts 
of catechol per 3 ml. were 0.11, 0.18, 0.37, 0.73, 1.10, and 1.46 mg. 


Fig. 5 shows the results obtained at pH 7.0 and at pH 7.9. It was 
found necessary at these hydrogen ion concentrations to extend the dima- 
tion of the measurements because a slow but appreciable oxidation pro- 
ceeded for hours after the initial rapid reaction. At pH 7.0, the atoms 
of oxygen consumed per molecule of catechol at 46 minutes varied between 
1.98 and 2.37 ; at 30 hours these values varied between 2.35 and 3.35. At 
pH 7 .9 the atoms of oxygen consumed at 55 minutes varied between 1.97 
and 2.34; at 36 hours these values then varied between 2.34 and 3.01. 



oxygen consumption mm 
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Again, the highest consumption of oxygen per molecule of catechol was 
obtained with the lowest concentrations of catechol. 

The experiments reported above were controlled by adding 41 units of 
enzyme to the buffer (pH 7.0) in the absence of catechol. No significant 
oxygen consumption was observed over a period of 7 hours. As a further 
control, to obviate the possibility of the oxidation of citrate, an experiment 



MINUTES HOURS MINUTES HOURS 

Fig. 5. The oxygen consumed in the oxidation of increasing concentrations of 
catechol at pH 7.0 and at 7.9 (McUvain’s buffer), with enzyme concentration fixed 
at 41 catecholase units per 3 ml. Reading from the lowest curve up, the amounts of 
catechol per 3 ml. were 0.18 mg,, 0.37 mg., 0.73 mg., 1.10 mg., and 1.46 mg. The 
atoms of oxygen consumed per molecule of catechol are indicated at approximately 60 
minutes and again at the termination of the experiment. 


was carried out with phosphate buffer at pH 5.1. The results of tWs 
experiment and a simultaneous experiment with citrate-phosphate buffer 
at the same pH are shown in Fig. 6. WTiile the kinetics of the two reac- 
tions differed, the numbered atoms of oxygen consumed per molecule of 
catechol were approximately the same at 145 minutes. 


DISCUSSION 

Fig. 2 shows that with fixed catechol concentration (0.73 mg. per 3 ml.) 
the amount of oxygen consumed increases with the amount of enz3une used, 
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up to 2.5 atoms with 10 units. Beyond 10 units there is no further increase 
in oxygen utilization. The first part of this curve corroborates Graubard 
and Nelson (8, 9) who showed that, within limits, by increasing the amount 
of enzyme a greater quantity of oxygen was consumed. The results 
they obtained did not, however, reach 2.0 atoms of oxygen per molecule 
of catechol. Robinson and McCance (1) in a single e.xperiment showed 
that under the conditions employed 2 atoms of oxygen were consumed 
per molecule. The same value was later obtained by 'Wagreich and Nelson 
(2), Dawson and Nelson (3), Ludwig and Nelson (4), and Kubowitz (5). 
However, none of these authors published a systematic study of the effect 
of vaiydng enzyme and catechol concentration upon the total consumption 
of oxj'gen. 

The low consiunptions of o,xygen at pH 3.1 (Fig. 3) are the results of 
the inactivation of the enzjme and confirm the findings of Graubard and 
Nelson (8). 

By comparing the results in Figs. 3, 4, and 5 it may be noted that as 
the pH was increased the initial rate of oxidation was increased, but the 
time required for complete oxidation was increased. It seems therefore 
that, of the reactions involved in the complete oxidation of catechol by 
tjTosinase, at least one is accelerated by increasing the concentration of 
hydroxyl ions, while another is accelerated by increasing the concentration 
of hydrogen ions. Furthermore, these reactions are rate-determining 
steps in the over-all oxidation. 

From the results as a whole, it may be seen that two conditions lead to 
high consumption of oxygen per molecule of catechol. These are high 
enzyme concentration and low catechol concentration. Figs. 3, 4, and 5 
show that the highest oxygen consumptions per molecule of catechol were 
found when the lowest concentrations of catechol were used. It may be 
pointed out that our ratios of enzyme to substrate concentration were, in 
every instance of complete oxidation, greater than in any previously 
reported. Some other possibilities may be advanced to exp lain our rela- 
tively high values for oxygen consumption. One is that some oxidizable 
substance has been added with the enzjme. This, however, seems to be 
precluded by the fact that the addition of 13 times as much enzyme as is 
required for the consumption of 2.5 atoms of oxygen per molecule of 
catechol does not further increase this value (Fig. 1). Another possibility 
is that the citrate of the buffer was oxidized by the tyrosinase-catechol 
system. This also seems imlikely because the enzymic oxidation of 
catechol in the absence of citrate (Fig. 6) resulted in the consmnption of 
2.5 atoms of oxygen. Fmthermore, the addition of 41 units of enzjme to 
phosphate-citrate buffer in the absence of cateeho! resulted in no significant 
consumption of oxygen. 
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Fig. 6 illustrates that the rates of the reaction in the two buffer systems 
were different. The rate of oxidation in phosphate buffer changed sharply 
at a consumption of approximately 1 atom per molecule of catechol. A 
pirnikr but much more pronounced change has been observed by Davfson 
and Nelson (3) and interpreted by them (10) as due to a slow hydration 



Fio. 6. The effect ot type of buffer on the rate and total oxygen consumption in 
the enzymic oxidation of catechol at pH 5.1. In the experiment indicated by + 
Mcllvain’s buffer and 0.72 mg. of catechol were used with 14 catecholase units; in the 
experiment indicated by ® the buffer was 0.2 m NaH.POi-NajHFOi, and 0.75 mg. of 
catechol was used with 14 catecholase units of enzyme. The atoms of oxygen con- 
sumed per molecule of catechol are indicated for each curve. 

of o-benzoquinone at pH 5 in dilute solutions. Since only the nature of the 
buffer was changed in the experiments illustrated in Fig. 6, it is evident 
that a change of rate at 1 atom may also be produced by a change in the 
buffer system. 

The fact that more than 2 atoms of oxygen were consumed during the 
complete enzymic oxidation of catechol, together with the failure to detect 
hydroxy-p-quinone spectroscopically during this oxidation (11), is not 
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consistent with the mechamsm of oridation proposed by Wagreich and 
Kelson (2). We have also determined the oxygen consumed during the 
enzjmic oxidation of hydroxyhydroquinone and have found that 2 atoms 
are utilized per molecule. These results, together with others bearing 
upon the mechanism of the enzjmic oxidation of catechol and hydroxyhy- 
droquinone, will be published in subsequent papers. 

ST7MMAKT 

1. The oxj’gen consumed during the oxidation of 0.73 mg. of catechol in 
the presence of tjTosinase was dependent upon the concentration of 
enzyme, onlj' up to 3.3 catecholase units per ml. Further increase in 
enzjme concentration produced no further increase in oxygen consumption. 

2. The number of atoms of oxygen consumed during the complete 
oxidation of a molecule of catechol in the presence of tyrosinase was 
dependent upon the concentration of catechol, being highest at the lowest 
concentration. 

3. The kinetics of the oxidation of catechol in the presence of tyrosinase 
is dependent upon the hydrogen ion concentration and upon the nature 
of the buSer. 

4. Under the conditions of pH, catechol concentration, and enzyme 
concentration emploj'ed, the values for the number of atoms of oxygen 
consumed during the complete enzymic oxidation of a molecule of catechol 
varied between 2.34 and 3.35. 

We widi to thank Anne H. Wright for technical asastance in the conduct 
of the manometric measiuements. 
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VIII. BIOLOGICAL ASSAY OF PYRIDOXAL, PYRIDOXAMINE, AND 
PYRIDOXINE* 
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(From the Department of Biochemietry, College of Agriculture, Unitertily 
of Witcontin, Madison) 

(Received for publication. May 23, 1946) 

Though various chemical and microbiological methods have been de- 
veloped for the estimation of vitamin Bs in whole (2-4) or in part (5), 
animal assays are still necessary for testing the accuracy of these new 
methods as they apply to nnimnl nutrition. It is also important that the 
relative potency of pyridoxine, pyridoxamine, and pyridoxal for animals 
be known. Two different purified rations have been used most frequently 
for the rat assay. The one devised by Dimick and Schre fler (6), besides 
containing the usual purified constituents of a basal ration, also contains 
beef liver extract, while the one employed by Conger and Elvehjem (7) 
contains a fullers’ earth filtrate of a butanol extract of 1:20 liver powder. 
In either case, the crude extracts contribute a definite but variable amount 
of vitamin Be to the basal ration and hence their use constitutes a distinct 
disadvantage. Further, neither of these two rations allows maximum 
growth in rats when supplemented with large amounts of vitamin Be. 
Clarke and Lechycka (8) have described a biolo^cal assay for vitamin Be 
in which rats were kept on the deficient diet for a period of 4 weeks or 
more before feeding supplements containing the vitamin. Since the newer 
members of the vitamin B complex like biotin, inoatol, and synthetic folic 
acid are now available, the present investigation was initiated with the 
object of devising a vitamin Br-free ration which would permit the mini- 
mum possible growth of rats on the deficient diet and the mnxrmiim growth 
when optimum amounts of vitamin Bj were added. 

KfO'KKIMENTAI, 

The basal ration originally employed for the production of vitamin Bi 
deficiency in rats consisted of carbohydrate 75 per cent, protein 18 per cent, 

* Publisbed vith the approval o5 the Director of the TOsconrin Agricultural Ex- 
periment Station. This work was supported in part by grants from the Wander 
Company, Chicago, Illinois. We are indebted to Merck and Company, Inc., Rah- 
way, New Jersey, for the gcnermm supply of crystalline B vitamins, to the Lederle 
Laboratories, Inc., Pearl River, New York, for synthetic folic add, and to the Abbott 
Laboratories, North Chicago, Illinois, for the generous supply of haliver oil. For 
Paper VU of the series see (1). 
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corn oil 3 per cent, Salts 4 (9) 4 per c^nt, and optimum amounts of thiamine, 
riboflavin, calcium pantothenate, choline chloride, 2-methyl-l, 4-naphtho- 
quinone, inositol, nicotinic acid, and biotin. Male weanling rats (Sprague- 
Dawley) 21 days old, weighing 35 to 40 gm,, were employed for these 
experiments. At least three animals were placed in each group and experi- 
ments on many groups were repeated several times in order to confirm the 
results. The values given in Tables I to V represent the average weight 
gain in gm. per week for the three animals of each group over a period of 
4 weeks. 

Several different carbohydrates and proteins were tried nith the object 
of devising a ration which would permit the minimum growth gain in the 
absence of vitamin Bj. The results are given in Table I. When the diet 

Table I 


Growth of Rats on Various Vitamin Bt-Dcficient Diets 


Diet 

No. 

Caibotydratc 

1 

1 

Proteia ' 

Weight gain per wk. 
and range; average 
of 4 wts. growth 

1 

Sucrose 

18% casein (Smaco) 

gm. 

9 (6-11) 

. 2 

<< 

18% blood fibrin 

5 (4-5) 

3 

It 

9% casein (Labco) 9% blood fibrin 

6 (5-7) 

4 

(t 

10% egg albumin 10% casein (Smaco) 

10 (9-12) 

5 

Dextrin 

18% casein (Smaco) 

23 (16-28) 

6 

It 

18% fibrin 

IS (16-19) 

7 

Glucose 

18% casein (Smaco) 

9 (7-11) 

8 

Dextrin 

18% “ “ -}- 0.5% sulfathalidine 

10 (6-16) 

9 

Same as (8] 

0.025 mg.% synthetic folic acid 

1 -i- 50 T pyridoxine HCl per 100 gm. ration 

23 (22-23) 


contained sucrose as the carbohydrate and casein (Smaco) as the protein, 
the rats grew 9 gm. per week. When blood fibrin was substituted for 
casein the rate of gain was reduced to 5 gm. per week. This difference in 
growth was greater than could be accounted for by the fact that casein 
(Smaco) at 18 per cent level contributed 4.7 y of vitamin Bs per 100 gm. 
of ration, as compared to only 1.0 y for blood fibrin as determined by the 
yeast growth method (3). The results with glucose were similar to those 
with sucrose, but when dextrin was used a remarkable increase in growth 
resulted, even though the dextrin by yeast assay contained only 0.04 y per 
gm. of vitamin Bs. Dextrin is known to stimulate intestinal S3mthesis 
(10, 11) and it was therefore thought that with dextrin as the carbohydrate 
the intestmal flora produced more vitamin Be which was subsequently 
utilized by the rat. Several exjieriments indicated that this is a plausible 
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explanation. Sulfathalidine, which is known to inhibit the growth of 
certain intestinal microoi^ganisms, was added to the dextrin ration at 0.5 
per cent level together with biotin and synthetic folic acid. The rate of 
growth was markedly decreased. The addition of 50 y of pyridoxine 
hydrochloride per 100 gm. of ration restored the rate of growth to the 
original level. 

Results from analyas of the urine excreted by rats maintained on sucrose 
and de-xtrin rations also confirmed the above observations. Lepkovsky 
and Nielsen (12) and later Miller and Baumann (13) have shown that the 
amount of xanthurenic acid excreted in the urine by rats kept on a diet 
rich in tryptophane depended on the vitamin Bt present in the diet. More 
xanthurenic acid is excreted when the diet is deficient in vitamin Bj. Huff 
and Perlzn-eig (14) and later Johnson el al. (15) have shown that 4-pyridoxic 
acid is the main metabolic product of vitamin Bs appearing in hiunan 
urine. In our e.xpeiiments the rats were placed in metabolism cages fitted 


Table n 

Urinary Excrdim Studies on Vitamin Bi-Dejicieni Diets 



4'P7n<iosc nod ezmted 
dxain$7i bn. 

^s^tbortaic add excretion 
per ( 01 . food insoted 


T 

T 

Sucrose-basal -f- 1S% fibrin 

36 

815 

Dextrin-basal -b 18% “ 

Si 

287 


with glass fimnels, and urine was collected for a period of 24 hours. Xan- 
thurenic acid was estimated in a suitable aliquot of the urine sample, essen- 
tially according to the method of hCUer and Baumann (13). After the 
conversion to lactone, 4-pyridoxic acid was estimated fluorometrically in 
the Coleman photofluorometer (14). The results, given in Table II, 
show that more 4-pyridoxic acid and less xanthurenic acid are excreted 
by animals on the dextrin diet than by those on the sucrose diet, indi- 
cating that the former animals are obtaining more vitamin Bj than the 
latter. Since the two rations are equally deficient in vitamin Bs, the 
supposition is that the intestinal flora are stimulated to produce the extra 
vitamin Bs in animals fed the dextrin diet. 

From these results it is evident that dextrin cannot be used as a source 
of carbohydrate in the deficient ration and that blood fibrin is better than 
casein as the protein component of the ration. E.xperiments to determine 
the influence of biotin, inositol, and folic acid on the growth of rats receiving 
this deficient ration were carried out next. The results are given in Table 
III. Folic acid did not have any significant effect when added at a level 
of 25 y per 100 gm. of ration. However, on rations with casein as the pro- 
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tein, the addition of biotin and inositol appeared to have a slight stimu- 
lating effect. These substances were consequently added to all the subse- 
quent deficient rations. 

The diet finally selected for the bioassay of vitamin Be has the following 
composition: sucrose 75 gm., blood fibrin 18 gm., Salts 4, 4 gm., com oil 
3 gm., thiamine 0.2 mg., riboflavin 0.3 mg., nicotinic acid 2.5 mg., calcium 
pantothenate 2 mg., 2-methyl-l ,4-naphthoquinoiie 1 mg., inositol 10 mg., 
choline chloride 100 mg., and biotin 0.01 mg., per 100 gm. of diet. Halibut 
liver oil diluted 1:2 with com oil was fed at a level of 2 drops per week, 
■with a-tocopherol included at 0.5 mg. per drop. After a depletion period 


Table III 

Influence of Biotin, Inositol, and Synthetic Folic Acid on Growth of 
Vitamin Bt-Deficient Rats 




Growth g&Io per 

Diet No. 


nk. and no^; 
average of 4 was. 



growth 

1 

i 

Sucrose-basal -J- 18% casein without inositol and biotin 

gm. 

7 (6-8) 

2 

Same as (1) -f inositol, 10 mg. per 100 gm. ! 

8 (7-8) 

3 

“ “ (1) -f biotin, 20 y per 100 gm. 

8 (7-10) 

4 

“ “ (1) + inositol and biotin 

9 (8-10) 

6 

Sucrose-basal -f 18% fibrin -f biotin + inositol 

5 (4-5) 

6 

Same as (5) -b p-aminobenzoic acid -f synthetic folic 

5 (4-7) 


acid, 25 y per 100 gm. ration 


7 

Sucrose-basal 18% fibrin -f 50 -y per 100 gm. pyridoxine 

20 (18-21) 


HCl tvith inositol and biotin 


8 

Same as (1) -f synthetic folic acid, 25 y per 100 gm., -f 

21 (18-24) 


p-aminobenzoic acid + 50 y per 100 gm. pyridoxine HCl 



of 2 weeks, the rats are weighed, di-vided evenly 'with respect to weights 
into groups of three, and placed on diets containing different amounts of 
■vitamin Bj. Fig. 1 shows the average weight gain per week plotted agamst 
increasing concentration of pyridoxine hydrochloride in the ration. The 
gro^wth response is approximately linear up to 75 y of pyridoxine hydro- 
chloride for 100 gm. of diet. Twice this amount was required to permit 
maximum growth of over 30 gm. per week. 

Comparison of Activities of Pyridoxine, Pyridoxamine, and Pyridoxal — 
Snell and Rannefeld (16) compared the activities of the members of the 
■vitamin Bj group by feeding them orally, separate from the ration, to 
deficient rats. They found that pyridoxine, pyridoxamine, and pyridoxal 
possessed equal actmties "within the limits of experimental error. Miller 
and Baumann (17) later reported that pyridoxamine and pyridoxal were 
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much less active than pyridoxine for mice and rats. The vitamin supple- 
ments in their experiments were added to the ration, a procedure which 
they found did not result in any destruction of pyndoxamine or pyndoxal. 
Luckey el al. (18) in experiments with chicks also found pyridoxamine and 
pyridoxal les^ active than pyridoxine. In ^^ew of these conflicting results 
the following experiments were carried out to test the potencies of the three 
compounds. Pyridoxine hydrochloride, pyridoxamine dihydrochloride, 
and pyridoxal hydrochloride were administered by three diSerent methods. 
In one group the three compounds were each mixed in 100 gm. of ration 



Fig. 1. Growtli response of rats to pjTidoiine hydrochloride on the improved 
ration. 

at equimolar levels equivalent to 50 y of pyrido.xine hydrochloride. In 
the second group, the rats were fed daily molar supplements equivalent to 
5 y of pyridoxine hydrochloride by dropper. In the third group, these 
same amounts were injected intraperitoneally. The results (Table TV) 
show a marked decrease in the growth of rats on pyridoxamine and pyri- 
doxal when fed in the ration, whereas all compounds were equally active 
when fed by dropper or by intraperitoneal injection. Similar results 
(Table 1^0 were obtained with chicks. Day-old white Leghorn chicks were 
fed the deficient ration (Table IV, foot-note) and were kept in heated 
cages with raised screen bottoms, seven chicks being used in qach group. 
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All the chicks on the deficient diet died in 2 weeks -Bithout gaining any 
appreciable weight. The results obtained when pyridoane, pyridoxamine, 


Table IV 

Ccmiparison of Activities of Pyridoxine Hydrochloride, Pyridoxamine Dihydrochloride, 

and Pyridoxal Hydrochloride 




A%erage weekly sain of rats in b™. 

■ A%erage weight of chicks* at 3 wks. 
in gm. 



In ration, 
SO per 
100 gm. 

Fed by 
dfopper, 

S t per rat 
per day 

iDtra- 

peritoneal 

injecUoD, 

5 y per rat 
per day 

In ration, 
100 T per 
100 gm. 

Fed by 
dropper, 
7A-rper 
chick per 
day 

Intra- 
peritoncal 
injection, 
7j57per 
chick per 
day 

Pyridoxine HCl. , 
Pj'ridoxamine 

2HC1 

20 

24 

22 

124 

106 

111 

(equimolar).. , 


15 

21 

21 

74 

103 

107 

Pyridoxal HCl 


14 

25 

26 

91 

111 

112 


* The basal ration used for the production of vitamin Bj deficiency in chichs had 
the following composition: cerelose 61 gm., blood fibrin 18 gm., gelatin 10 gtn., Salts 
4, 5 gm., CaHPO«-2HjO 1 gm., I-cystine 0.3 gm., thiamine hydrochloride 0.3 mg., 
riboflavin 0.6 mg., calcium pantothenate 2.0 mg., choline chloride 150 mg., nicotinic 
acid 5.0 mg., biotin 0.02 rag., inositol 100.0 mg., synthetic folic acid 0.125 mg., vita- 
min Di 0.004 mg., a-tocopherol 0.03 mg., 2-methyl-l, 4-naphthoquinone 0.05 mg., 
vitamin A 1700 i.u. This ration difiered from the one used by Luckey ct al. (18) in 
that cerelose replaced dextrin and synthetic folic acid was substituted for norit 
eluate of 1:20 liver powder. 


Table V 

Comparative Activities for Rats of Pyridoxine Hydrochloride and Synthetic 

Codecarboxylasc 



In ration 

1 

Intraperitoneal injection 

Amount 

fed* 

A\eragegain 
and range 

Amount 

injected* 

Average gain 
and range 

Pyridoxine HCl 

Synthetic codecarboxylase (pyridoxal 
phosphate) . . 

T per 

100 tn. 

40 

125 

gn. per tri. 

16 (12-20) 

11 (10-12) 

7 per rat 
per iay 

2.5 

7.8 

tm per tri, 

15 (14-16) 

15 (14-18) 


* The preparation of pyridoxal phosphate used contained 32 per cent of pyridoxal, 
and v as consequently used at levels equimolar b ith pyridoxine. The barium present 
was removed as barium sulfate before administration. 


and pyndoxal were mixed in 100 gm. of ration at a level of 100 y, given 
by dropper at 7.5 y per chick per day and injected intraperitoneally, at the 
same level are given in Table IV. There was a marked decrease in the 
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growth of chicks in the first group when pyridoxal and pyridoxamine were 
mhced in the ration, while the growth was approximately the same in all 
cases in which ^ntamin supplements were fed by dropper or injected intra- 
peritoneally. The lower activity of pyridoxal and pyridoxamine when fed 
in the ration cannot be attributed to destruction during storage, since yeast 
assays on the amounts of vitamins present in the rations under the storage 
conditions used (not more than 10 days at 4°) showed no destruction of 
pyridojdne, pyridoxal, or pyridoxamine. 

Codecarboxylase (phosphorylated pyridoxal), which has been synthesized 
and purified as the barium salt by Gunsalus and coworkers (19), was com- 
pared with pyridoxine hydrochloride for its relative activity for the rat. 
The coenzyme,* which contained 32 per cent of pyridoxal after hydrolj'sis 
as determined by si>eotrum analysis (19), was mixed with the ration or 
injected intraperitoneally in quantities calculated to furnish amounts of 
pyridoxal equimolar with the pyridoxine supplied to the control groups. 
The results are girnn in Table V. Like pyridoxal hydrochloride, code- 
carboxylase was less active than p 3 Tidoxine when mixed in the ration, but 
had the same activity as pyridoxine when injected intraperitoneally. 

DISCUSSION 

Snell (5) showed by differential microbiological assay methods with yeast 
(Saccharomyces carhlergensis), Slreplococcus faecalis, and LaclobaciUus 
casei that natiual materials contain varying proportions of pyridoxine, 
pyridoxamine, and pyridoxal. These compounds possess equivalent activi- 
ties towards yeast and also towards animals, if fed by a dropper or by in- 
jection. However, if the supplements are mixed in the ration, pyridox- 
amine and pyridoxal show considerably less activity than pyridoxine for 
both rats and chicks. The explanation for these results is at present im- 
known. A possible explanation is that pyridoxal and pyridoxamine are 
more susceptible to destruction or utilization by intestinal bacteria than is 
pyridoxine. "When exposed to bacterial action, as when fed in the ration, 
less of these compoimds might be available for the animal. When fed by 
a dropper, absorption is rapid, and such influences could not enter to alter 
the true comparative activities of the three compounds. In support of 
this hypothesis are the known facts that lactic acid bacteria constitute a 
large proportion of the total intestinal flora (20, 21), that several of these 
organisms require vitamin Bs for growth (16), and that, although these 
organisms utilize pyridoxal and pyridoxamine readily, they are in general 
unable to utilize pyridoxine (16). WTiatever the true explanation, it is 
evident that when natural materials in which most of the ritamin Bs is 

* We are indebted to Dr. I. C. Gunsalus for a pure specimen of the barium salt of 
pyridoxal phosphate. 
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present as pyridoxal and pyridoxamine are fed with the ration, a consider- 
ably lower figure for the vitamin Be content might result from rat assay 
than would be obtained by yeast assay. When pyridoxine is the major 
constituent of the Be group present, the same values should bo obtained. 
Considering further that methods of extraction of vitamin Be from natural 
materials for microbiological and chemical assay are not entirely satis- 
factory, it is evident that bioassay with the rat is still of great value in 
assessing the vitamin Be activity of dietary constituents used in animal 
nutrition. 


SUMMARY 

A deficient diet for the assay of vitamin Be vith the rat is described which 
is based on sucrose as the carbohydrate and blood fibrin as the protein. 
In the absence of vitamin Be, the diet gives the least groviih in weanling 
rats of any tried; maximum grondih (over 30 gm. per week) is obtained 
when 150 y of pyridoxine hydrochloride are added to 100 gm. of ration. 
When dextrin is substituted for sucrose, considerable growth occurs on the 
deficient diet. On the dextrin diet, urinary excretion of xanthurenic acid 
is decreased, while the amount of 4-pyTidoxic acid excreted increases. The 
addition of sulfathalidine to such a ration eliminated its groA^i;h-promoting 
effects; growth is resumed if vitamin Be is fed. These results indicate 
that on the dextrin diet intestinal flora synthesize considerable amounts 
of vitamin Be, which is then utilized by the rat. 

A standard curve which is approximately linear up to 75 7 of pyridoxine 
hydrochloride in 100 gm. of ration has been obtained on the improved 
basal diet. The relative activities of pyridoxine, pyridoxamine, and p5Ti- 
doxal vary with the way in which the supplements are given. When 
mixed in the ration, pyridoxamine and pyridoxal are les-s active than pyri- 
doxine; when given by dropper or injected intraperitoneally, they all pos- 
sess equivalent activities. Similar results have been obtained with chicks. 

The growth-promoting potency of synthetic pyridoxal phosphate (code- 
carboxylase) corresponds to its pyridoxal content. Like pyrido.xal, it is 
less active than pjridoxine when mixed in the ration, but is equally active 
when injected intraperitoneallJ^ 

BIBLIOGRAPHY 

1. Snell, E. E., J. Biol. Chcm., 168, 497 (1945). 

2. Melnick, D., Hochberg, M., Himes, H. W., and Oser, B. L., J. Biol. Chem., 160, 

1 (1945). 

3. Atkin, L., Schultz, A. S., Williams, W. L,, and Frey, C. N., Ind. and Eng. Chem., 

Anal. Ed., 16, 141 (1943). 

4. Stokes, J. L., Larsen, A., Woodward, C. R., Jr., and Foster, J. W., J. Biol. Chem., 

160, 17 (1943). 

6. Snell, E. E., J. Biol. Chem., 167, 491 (1945). 



aUUIA, BNELL, AND ELTEHJEM 


63 


6. Dimick, M. K., and Schreffler, C. B., J. Nutr., 17, 23 (1939). 

7. Conger, T. W., and Elvehjem, C. A., J. Biol. Chan., 138, 555 (1941). 

8. Clarke, M. F., and Lechycka, M., J. Nutr., 25, 571 (1943). 

9. Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 

10. Guerrant, N. B., Butcher, R. A., and Tomey, L. F., J. Biol. Chem., 110, 233 (1935). 

11. Krehl, W. A., Sanna, P. S., and Elvehjem, C. A., J. Biol. Chem., 162, 403 (1946). 

12. Lepkovsky, S., and Nielsen, E., J. Biol. Chem., 144, 135 (1942). 

13. Miller, E. C., and Baumann, C. A., J. Biol. Chem., 167, 551 (1945). 

14. Huff, J, W., and Perlzweig, W. A., J. Biol. Chem., 155, 345 (1944). 

15. Johnson, B. C., Hamilton, T. S., and hDtchell, H. H., J. Biol. Chem., 168, 619 

(1945). 

16. SneU, E. E., and Rannefeld, A. N., J. Biol. Chem., 167, 475 (1945). 

17. hGller, E. C., and Baumann, C. A., J. Biol. Chem., 169, 173 (1945). 

18. Luckey, T. D., Briggs, G. M., Jr., Elvehjem, C. A., and Hart, E. B., Proc. Soc. 

Exp. Biol, and Med., 68, 340 (1945). 

19. Gun^us, I. C., Umbreit, W. W., Bellamy, W. D., and Foust, C. E., J. Biol. 

Chem., 161, 743 (1945). 

20. Porter, J. R., and Rettger, L. F., J. Infect. Die., 66, 104 (1940). 

21. Evenson, A., McCoy, E., Geyer, B. R., and Elvehjem, C. A., J. Bad., 61, 513 

(1946) . 




CHEMICAL DETERMINATION OF RIBOFLAVIN* 
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The increased interest in the riboflavin content of both foods and feeds 
makes it highly dearable that we have a rapid and accurate method for de- 
termination of this vitamin which is generally applicable. While the 
microbiological procedure of Snell and Strong (1) has been found to be very 
accurate, it has the disadvantage of requiring several days to obtain results. 
Furthermore, many laboratories are not equipped to conduct microbiologi- 
cal determinations. There exists, therefore, a need for an accurate chemical 
method which can be used to analyze a large number and variety of samples 
in a short period of time. 

The chemical method of Hodson and Norris (2) has been found to give 
satisfactory results on certain materials, but, when substances containing 
highly fluorescent non-ribofla\’in pigments are analyzed, erroneously high 
results are obtained by this procedure. The method of Hodson and Norris 
has been modified several times during the past 5 years. The major modifi- 
cation consists of the substitution of a procedure of oxidation of interfering 
pigments by the use of jwtasaum permanganate for the reduction procedure 
used previously. The potassium |>ermanganate oxidation of interfering 
pigments was probably first used by Koschara (3) in his early studies of the 
lyochromes. Its use in an assay procedure was first reported by Ferrebee 
(4) in his method for the determination of riboflavin in urine. This, to- 
gether with certain modifications in technique, has resulted in the develop- 
ment of an accurate chemical assay method for riboflavin. The method, 
as described in this report, has been used by chemists in several different 
laboratories on a wide variety of materials with very satisfactory results. 
In the extensive studies of the riboflavin content of milk and milk products 
and of dried leguminous seeds conducted by Daniel and Norris (5, 6) this 

• This work was supported in part by a grant to Cornell University by the 
Western Condensing Company, San Francisco, California, and was conducted in 
the Nutrition X»aboratorie3 of the Department of Poultry Husbandry. We wish 
to thank Mr. F. E. Randall of the G. L. F. Laboratories, Buffalo, New York, 
for helpful suggestions and for permission to report some of the riboflavin 
determinations made by the senior author while connected with the Laboratories. 

t Present address. Research Laboratories, Western Condensing Company, Apple- 
ton, Wiseoasin. 
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method was found to give values which were in excellent agreement with 
those obtained microbiologically. 


Method 

Reagents — 

Add-acetone solution. 250 ml. of n HCl are diluted to 1 liter with 
acetone. 

Trisodium phosphate solution. 65 gm. of NasPO^ *121120 are dissolved 
and made to 1 liter with distilled water. 

Sodium hydrosulfite solution. 5 gm. of Na 2 S 204 are dissolved in 100 ml. 
of 0.2 m disodium phosphate solution, 1 to 2 gm. of Celite anal 3 diical filter 
aid' are added, and the solution is filtered through No. 44 Whatman filter 
paper. The solution is placed in an ice bath. The sodium hydrosulfite is 
unstable and should not be used after about 4 hours. 

Gladal acetic acid. 

Potassium permanganate solution. A 4 per cent solution of potassium 
permanganate is freshly prepared each week. 

Hydrogen peroxide solution. A 3 per cent solution is prepared by diluting 
a 30 per cent solution of hydrogen peroxide 1 : 10 with distilled water. 

Standard riboflavin solution. Riboflavin of the highest puritj’’ obtainable 
is dried to constant weight in vacuo at 60®. From this a stock solution is 
prepared by dissolving 50 mg. in distilled water and making up to a volume 
of 1 liter. The solution should be preserved in a cool place and protected 
from the light. The addition of a few drops of glacial acetic acid will insure 
an acid pH and help stabilize the solution. This standard riboflavin solu- 
tion is called Solution I. 

Extraction Procedure — K 1 to 5 gm. finely ground sample of the unknown 
is weighed into a 250 ml. red Erlenmeyer flask* and 100 ml. of the acid- 
acetone solution are added. After thorough mixing, the mixture is gently 
refluxed for 1 hour. The extract is cooled to room temperature, after which 
it is brought to pH 6.6 to 6.8 with trisodium phosphate solution. Sufficient 
water is added to make the total volume of liquid 200 ml. After standing 
6 minutes the mixture is filtered through No. 12 Whatman fluted filter 
paper. The first 10 to 20 ml. of filtrate are discarded. A 10 to 50 ml. 
aliquot of the filtrate is pipetted into a 200 ml. volmnetric flask. The pH 
of this solution is adjusted to 3.7 with glacial acetic acid. 2 ml. of 4 per 
cent potassium permanganate per 10 ml. of filtrate are added, mixed, and 
allowed to stand for 3 minutes. At the end of 3 minutes the solution of 3 
per cent hydrogen peroxide is added until the color of the permanganate is 

* Obtained from Johns-Manville. 

* Pyrex Brand Lifetime Red glassware obtained from the Coming Glass Works. 
Corning, New York. 
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changed from purple to light brovm. The solution is made to volume, 1 to 
2 gm. of Celite analytical filter aid are added, and the solution is filtered 
through No. 44 Whatman filter paper. The first 10 to 20 ml. of filtrate are 
discarded in order to eliminate turbidity in the filtrate caused by a few small 
particles which sometimes pass through the filter paper before the filter aid 
has formed an efficient mat. A known volume of this clear solution is then 
pipetted into the optical cell for the fluorometric determination. 

20 ml. of Solution I are dissolved in 100 ml. of acid-acetone solution 
neutralized to pH 6.6 to 6.8 with trisodhim phosphate solution and made to 
a volume of 200 ml. with water. 40 mL of this solution are taken to pH 3.7 
with glacial acetic acid, treated with 8 ml. of potassium permanganate 
solution for 3 minutes, almost decolorized with 3 per cent hydrogen perox- 
ide, made to a volume of 200 ml., and filtered through No. 44 Whatman 
filter paper after addition of Celite filter aid. This solution is used 
as the standard in determining the riboflavin content of the unknowns. 
This standard riboflavin solution is caUed Solution H. The pH of this solu- 
tion should be identical with that of the unknowns. If carried out as above 
it win be approximately pH 4.0. Tins solution may be kept in a red flask 
in the refrigerator for at least a week. 

Fluoromelric DdermincUion — A distilled water blank is placed in the 
fluoropbotometer and the galvanometer is set at ^ero. 1 ml. of the Solution 
n (1 -y per ml.) is added to 15 ml. of distilled water and this reading is noted. 
This is called reading S. Then 15 ml. of the unknown solution are pipetted 
into the glass cell and a reading (A) is made. The glass cell is removed from 
the path of light and 1 ml. of the Solution H is added and a second reading 
(B) made. After this the riboflavin in the solution is reduced to the non- 
fluorescing leuco form by adding 1 ml. of the sodium hydrosulfite solution 
and a third reading (C) is made. Reading S is taken again to make sure 
that the light intenaty has not changed during the above operations. 

CaJculaiion of Results — The micrograms of riboflavin per ml. of unknown 
solution are calculated as follows: 

A C 

(1) ^ D = micrograiiiB ribofljtrin per ml. unknoTra solution (uncorrected) 

whereA = fluorescence reading of 15 ml. aliquot of unknown solution; J5 = 
fluorescence reading of tmknown solution after addition of 1 ml. of standard 
riboflavin Solution H (total volume 16 ml.); C = fluorescence reading after 
further addition of 1 ml. of sodium hydrosulfite solution (total volume 17 
ml.) ; D = micrograms of added riboflavin per ml. of solution at the time 
reading B is taken (0 = 1 y/lG ml. = 0.0625 y per ml.). 

However, ance reading A was taken in 15 ml. while reading B was t nkpri 
after dilution of the solution to 16 ml., and reading C was taken when the 
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total volume of the solution was 17 ml., readings B and Q must be corrected 
to the values that they would have been if the readings had been made in 16 
ml. of solution in each case. This is accomplished by the use of correction 
factors y and z {y — 16/15 = 1.067 and z ~ 17/15 = 1.133) as shown in 
Equation 2. 

(2') — — D microsrams riboflavin per ml. unknown solution (corrected) 

' By -A 

Since Equation 2 gives the micrograms of riboflavin per ml. of unknown 
solution, the amount of riboflavin per gm. of sample is obtained by multi- 
plying the result of Equation 2 by the dilution factor/ (J = 400 if the origi- 
nal extract of a 5 gm. sample is diluted to 200 ml. and a 20 ml. aliquot of 
this is further diluted to 200 ml.). Thus the final equation, which is used 
in determining the micrograms of riboflavin per gm. of sample, is 


(3) 


A~Cz 
By -A 


Df micrograms riboflavin per gm. unknown 


DISCUSSION 

It has been found that a solution containing both acid and acetone is most 
effective in the extraction of riboflavin. The acetone acts to flocculate 
colloidal suspensions and, since it is an efficient eluting agent for riboflavin, 
it also prevents adsorption of the'vitamin from solution by the proteins. 

Experience has shown that in the case of highly pigmented materials, 
such as dried distillers’ grains and fermentation products, the amount of 
potassium permanganate used may be doubled without causing destruction 
of riboflavin. 

It has been found that wheat products tend to cause the solution to froth 
when hydrogen peroxide is added to the permanganate solution. This 
frothing can be dispelled by addition of a few drops of acetone. 

In an early study conducted at this laboratory it was found that the 
fluorescence of riboflavin varies ivith the pH of the solution according to the 
curve presented in Fig. 1, Upon examination of this curve it is apparent 
that at pH values near neutrality a slight change in the pH of the riboflavin 
solution could cause an appreciable change in the intensity of fluorescence 
of the vitamin, while at pH 4.0 solutions of riboflavin may be compared 
fluorometrically without the necessity of accurately establishing the pH of 
each solution. In view of this advantage it was found advisable to cany 
out the fluorescence measurements at pH 4.0. 

The use of this pH made it necessary to use 0.2 m disodium phosphate to 
buffer the sodium h 3 ’^drosulfite solution used in the final reduction of the 
riboflavin, since at this pH the sodium bicarbonate buffer used by Hodson 
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and Norris decomposed, forming bubbles of carbon dionde which interfered 
with the final fluorescence reading. 

The use of Celite analj-tical filter aid has been found necessary in order 
to obtain solutions absolutely free of cloudiness. Cloudiness in the final 
solutions used for making the fluorometric readings may cause a significant 
error in results. 

The effect of unstable interfering pigments upon the fluorescence of the 
riboflairin in an aliquot of the unknown solution is eliminated by the oxida- 
tion with potassium permanganate. However, certain materials contain 
stable interfering pigments which absorb, to some extent, the activating and 
fluorescent light and thus interfere with an accurate measure m e nt of the 



Fig. 1. Influence of pH upon the fluorescence of a standard solution of riboflavin 
contaiiung 0.1 y of riboflavin per ml. of solution. 

riboflavin fluorescence. This difficulty is overcome bj’ adding a known 
amount of a standard solution of riboflavin to the unknown solution. The 
stable interfering pigments then act equally upron the fluorescence of the 
standard riboflavin solution and the fluorescence of the riboflavin in the un- 
known solution. The riboflavin in the unknown solution can then be 
determined accurately by comparing its fluorescence with that of the 
standard riboflavin imder the same conditions. The effect of stable sub- 
stances which also show green fluorescence is eliminated by the use of the 
sodium hj'drosulfite. Sodiiun hydrosulfite reduces the riboflavin to a non- 
fluorescing form without changing the fluorescence of the interfering sub- 
stances. This readual fluorescence is subtracted from the total fluorescence 
of the unknown solution in order to determine the fluorescence due to ribo- 
flavin. 

Comparison of Chemical Method unth Microbiological Method 

The riboflavin content of a variety of foods and feedstuffs is presented in 
Table I. The ribofllavin values presented are analyses of single samples. 
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Tabi,B I 


Riboflavin Content of Foods and Feeds 


Material 

Fluorometric metliod 

Microbiological loetliod 


y per tm. 

y per pn. 

Whole yellow com 

1.00 

1,05 

Table cora-meal 

0.80 


Fancy “ 

1.05 

1.00 

Feed “ 

1.40 

1.40 

Com gluten meal 

2.30 

2.50 

*• » feed 

4.60 

4.60 

Dried distillers’ grains, Sample 1 

2,70 

2.70 

II II II II 9 

7,60 

7.50 

Whole wheat 

1.65 

1.65 

Wheat bran 

3.00 

3.20 

“ germ 

4.25 

3.80 

Standard wheat middlings 

3.55 

Wheat flour middlings 

2.40 

2.50 

Whole wheat flour 

1.40 

1.40 

Patent " *' 

0.50 

0.50 

Enriched wheat flour 

3.00 

3.10 

“ bread 

3.60 

3.40 

Whole oats 

1.46 1 

1.20 

Rolled “ 1 

0.76 


Pulverized oats 

1.70 

1.70 

Whole barley 

1,60 


Brewers' dried grains 

1.30 


Soy bean oil meal (solvent) 

3.00 

3.25 

“ “ " “ (expeller) 

3.25 


Linseed oil meal 

2.40 

2,40 

Cottonseed " 

3.65 


Copra meal 

5.20 

5.70 

Peanut “ 

4.90 

4.80 

Fermentation product, Sample 1 

101.00 

100.00 

II II II 9 

258.00 

265.00 

Cl It II ^ 

38.90 

39.30 

Whole milk 

1.69 

1.71 

Dried skim milk 

16.60 

16.00 

" whey 

22.20 

22.20 

“ buttermilk 

29.20 

28.30 

Dehydrated alfalfa meal 

15.90 

16.70 

Dried cereal grass 

15.65 

15.60 

Tomato pomace 

3.65 


Meat scrap 

4.60 

4.40 

Pish meal 

7.30 

7.60 

Liver “ 

67.80 

61.20 

Dried brewers' yeast, Sample 1 

36.20 

38.70 

<1 II 11 II 9 

17.80 

18.50 

Commercial feed mixture 

4.30 

4.20 
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When an appreciable variability in riboflavin content of different samples 
of any given food or feedstuff was foimd, the value reported is that of a 
sample having approjdmately the average riboflavin content of that particu- 
lar material. However, certain materials have been found to vary so widely 
in riboflavin content that the amount of the vitamin present in any one 
sample cannot be predicted with any degree of accuracy. TMs is especially 
true of materials such as meat scrap, fish meal, liver meal, dried brewers’ 
yeast, dried distillers’ grains, and alfalfa meal, in which the composition of 
each sample may vary conriderably. The method of processing may also 
contribute to variations in riboflavin content of these materials. 

The results presented in Table I demonstrate that the chemical method 
for determination of riboflavin as described in this report gives values for a 
aide variety of food materials wWch are in excellent agreement with those 
obtained nucrobiologically. Since this is true in the case of highly pig- 
mented materials such as fermentation products, alfalfa meal, and liver meal 
as well as in the case of the less highly pigmented materials, it is evident that 
the chemical method is generally apphcable. 

SUMMABT 

The chemical method of Hodson and Norris for the determination of ribo- 
fla\’in has been modified so as to make it generally applicable. 

A number of different food materials have been assayed for riboflavin by 
the method as described in this report and by the microbiological method 
of Snell and Strong. A comparison of the values obtained by these two 
procedures shows that the chemical method gives results which are in excel- 
lent agreement with those obtained microbiologically. 
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THE UTILIZATION OF A COLOR CORRECTION EQUATION 
WITH THE KOBER REAGENT FOR THE ESTIMATION 
OF THE ESTROGENS IN HUMAN URINE 
WITH LOW ESTROGEN CONTENT 

Br BENJAMIN F. STIMMEL 

(From the Rees-Stealy Medical Research Fund, Lid., San Diego, California) 
(Received for publication, March 23, 1346) 

We have shown (1) that satisfactory Kober tests (i.e., an Zi-520 m/i to 
L-420 nifi ratio greater than 3) can be obtained for the estrone and estiiol 
fractions from the 10th week and for estradiol fractions from the 24th week 
following the last catamerda by our method for the fractionation and 
photometric estimation of the estrogens in human pregnancy urine. In 
fractions of lower estrogenic titer, a brown color is produced with the Kober 
reagent by the non-estrogenic chromogens which contaminate the estrogen 
factors. Some form of correction to reduce the error of overestimation 
caused by this brown color is necessary. 

Bachman and Pettit (2) conadered techniques proposed to correct for 
the overestimation caused by the Kober reagent in crude urine residues 
(3-5) to be inadequate but presented no evidence to support this view. 
Fraser et al. (6) suggested the use of a color correction equation with the 
Zimmennann test (7) for neutral IT-ketosteroids in crude urine extracts, 
and Talbot el al. (8) discussed the rationale for the use of such an equation 
and established its validity. 

To correct for the overestimation of estrogens in our chromatographic 
filtrate resdues by the Kober reagent we have used a somewhat similar 
equation of the form 

^ Zt-520 mp mixture — B,(L-420 mu mixture) 

‘ “ A.(l - A.B.) 

in which the symbols have the following me anin g; (7, = the weight of the 
estrogen component of the test in micrograms (Co = estrone, Cc, estradiol, 
Ct, estnol); L = 2 — the log of the galvanometer reading; A* = the 
ratio of L-420 mu to L-520 npi for the Kober color test on pure estrogen; 
B* = the ratio of L-520 mp to L-420 mp for the interfering chromogens; 
and Kz = the calibration constant for the Kober test on pure estrogen. 
Because the identities of interfering chromogens of urine extracts appearing 
in our chromatographic fractions have not yet been established, it becomes 
necessary to derive suflEicient statistical data from essentially estrogen-free 
urine extracts to evaluate the B* values for our equation. 
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The present paper is concerned ivith a study of the variations in the 
spectophotometric characteristics (at 420 and 520 mfi) of the brown color 
produced by the Kober reagent with our chromatographic filtrate residues 
from essentially estrogen-free urine extracts and the utilization of these 
data for estimating by means of a color correction equation the estrogen 
content of human urine of low estrogen titer. 

EXPERIMENTAL 

Reagents and apparatus were those described in a previous publication 

( 1 ). 

Procedure 

Preparation of Urine Residue Suitable for Liquid Chromatogram — ^The 
residue was prepared essentially as described (1) with the following 
modifications. The residue from the butyl alcohol extract was dissolved 
in 100 ml. of 0.5 N sodium hydroxide and diluted with distilled water to a 
200 ml. volume. 30 ml. of concentrated hydrochloric acid wnre then added 
and the aqueous extract was boiled under a reflux for 15 minutes. After 
cooling under running tap water, the extract w'as shaken three times with 
100 ml. amounts of ethyl ether. The combined ether extracts were washed 
twice with 25 ml. of 9 per cent sodium bicarbonate solution and once with 
25 ml. of distilled water. The ether solution, w'hich should be free from 
any insoluble material at this point, wms then extracted three times with 
100 ml. and once ivith 50 ml. volumes of normal sodium hydroxide. The 
combined sodium hydroxide extract w'as acidified (to litmus paper) with 
hydrochloric acid and reexlracted three times with 100 ml. volumes of 
ether. The combined ether extracts were washed twice with 40 ml. 
volumes of 9 per cent sodium bicarbonate and once with 40 ml. of distilled 
water. The ether residue was stored as described in our previous publica- 
tion (1). 

Preparation of Liquid Chromatogram — The method previously described 
(1) w'as follow'ed with one exception: the 50 ml. benzene developer was 
omitted and the filtrate which was collected up to the time of addition of 
the 2 per cent methanol-benzene was discarded. 

Residls 

Summary of SpectrophoUmelric Data on Chromatographic Filtrate Residues 
Treated with Kober Reagent — ^In deriving the Kober calibration constants 
for crystalline estrone (K. = 0.00837), estradiol (JCa = 0.00523), and 
estriol (K| = 0.00737) previously reported by us (1), a study (unpublished) 
was also made of the ratio of L-520 m/i to Z/-420 van for each of these tests. 
The average ratio of L-520 rap to 1^-420 my for the estrone series was 10 ± 
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1.6, for a-estradiol 7.5 ± 1.0, for estriol 10.2 ± 0.9. The reciprocals of 
these average values constitute the Ai values in Table I. Inspection of the 
general equation reveals that, since varies between 0.54 and 0.77, any 
expected variation ■nithin the above limits from the average Ax values may 
be ignored in evaluating Cx, the weight of estrogen component in micro- 
grams. 

The same situation with respect to the variation in our B- values (the 
ratio of L-520 mii to Ir420 ma for the average brown color) does not 


Table I 

Spectropholomelric Dala on Pure Estrogens and on Residues from Series of Thirty 
Essentially Estrogen-Free Urine Extracts, Treated scith Kdbcr Reagent 


Descripiioa of acasarenent 

CSiTOOAtognitJile frictios tested 

Estrose 

; Estndlol 

£3tr»l 

A . L-420 nui - -rr i. 

•^*1 — ^0^ P'lre Kober 

Zr>520 m^x 

0.10 

0.13 

0.10 

color 




Kx, i.e. calibration constant for 

0.00S37 

0.00523 

0.00737 

pure Kober product 




i-S20 mp for non-estrogenic chro- 

0.478 

0.324 

0.293 

mogena 

(0.137-0.852) 

(0.092-0.573) 

(0.077-0.602) 

1^-420 m/i for non-estrogenic ebro- 

0.815 

0.520 

0.425 

mogens > 

(0.250-1.510) 

(0.143-0^894) 

(0.116-0.876) 

„ . L-520 mp X , - 

Bxgt.e. — fornon-estrogenjc, 

Ir420 lUB 

0.59 

0.63 

0.69 

ebromogens ' 

(0.54-0.ei) t 

(0.57 - 0.70) 

(0.61-0.77) 

K,(l - AxB,-) 

0.0079 

0.0045 

0.0069 

Uncorreeted estrogen content, 7 * 

57 

62 

39 


(16 - 100 ) 

(15 - 110 ) 

(10 - 81) 

Corrected estrogen content, 7 ) 

0.33 ± 7.0 

O.SO ± 9.0 

0.40:4:5.0 


• Calculated by dividing L-520 mu by Kx. 
t Calculated by use of the color correction equation. 


necessarily hold true, since Bx appears both in the numerator and de- 
nominator of our equation. Spectrophotometric data from a series of 
thirty 24 hour essentially estrogen-free urine specimens from preadolescent 
(8 to 10 years old) girls and bilaterally ovariectomized adult females were 
compiled in order to derive an average Bx value for each chromatographic 
fraction and to test the significance of its anticipated variation from the 
average value. These data are summarized in Table I. 

The chromatographic filtrate residues prepared from these specimens 
were tested with the Kober reagent as previously described (7). Each 
Kober color product was uniformly washed with ethyl acetate but the 
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photometric density measurements (L values) here recorded were made 
before such treatment. In most instances half the total filtrate residue 
was used for a single color test. However, the L-520 and L420 m;i 
values summarized in Table I represent the complete 24 hour total for 
each fraction. Analysis of the data in Table I reveals that, whereas the 
photometric density values of the brown Kober color for all three chromato- 
graphic fractions covered a wide range in the series investigated, the Bt 
value (ratio of L-520 m^ to L-420 m/t) for each fraction never exceeded 12 
per cent deviation from the average (L„ = 0.59 ± 0.05, Ba = 0.63 ± 
0.07, Bt = 0.69 ± 0.08). A limited number of two successive chromato- 
grams on the same urine extract has yielded results in agreement with these 
Bx values. Since the magnitude of this deviation from an average Bt 
value appears to be the limiting factor in the accuracy obtainable by use 
of the equation, we have calculated nith the aid of our equation the amount 
of estrogen theoretically present in each of the thirty essentially estrogen- 
free urine specimens. This corrected estrogen content of our chromato- 
graphic fractions for each of the thirty urine specimens did not exceed 
±7 7 of estrone, ±10 7 of estradiol, and ±5 7 of estriol. It was assumed 
(9-11) that each of the 24 hour urine specimens actually contained less 
than 1 7 of estrogen in each chromatographic fraction. Therefore these 
figures represent the maximum error inherent in any 24 hour urine deter- 
mination, due to the extent to which successive extracts differ from the 
calculated average Bs values. 

The above data can be utilized for ana] 5 ’’zing mixed Kober colors only 
if the true Kober color and the brown contaminating color develop inde- 
pendently in the presence of each other. Table II contains data from a 
number of Kober tests designed to show this independent development of 
color. Aliquots from the same chromatographic filtrate residue from a 
24 hour essentially estrogen-free urine specimen, nith and without the 
addition of known amounts of the appropriate estrogen, were treated with 
the Kober reagent. The results demonstrate that non-estrogenic impur- 
ities present in our chromatographic filtrate residues do not interfere 
sigmficantly with the Kober reaction with pure estrogens and vice versa. 

Recovery df Estrogens Added to Essentially Estrogen-Free Urine Extracts 
Immediately after Hydrolysis — Table III summarizes the data from a num- 
ber of recovery experiments which were carried out to test the quantitative 
features of our fractionation and photometric estimation technique when 
applied to successive 24 hour specimens of castrate female urine enriched 
with small amounts of crystalline estrogens, immediately after hydrolysis. 
Since the estrogen was added to the equivalent of a 24 hour urine specimen, 
each estrogen estimation is subject to the limitations imposed bj’^ our 
average Bx values; {.e., estrone ±7 7 , estradiol ±10 7 , and estriol ±5 7 - 



B. F. smuiia/ 


77 


Estrone and ot-estradiol are recovered in the appropriate filtrate fractions 
in the range 80 to 100 per cent; estriol is reco'vered in the range of 60 to 70 
per cent, a-hich is somea'hat lower than the 75 to 83 per cent recovery 
reported (1) for urines with higher estriol titer. This loss of estriol in the 
purification procedure is greater than is desirable, but it is reasonably 
constant and therefore does not seriously interfere with the significance 
of the estimation. 

Tabis II 

Comparison of Determined and Theoretical Values for LStO m/s and L-4SQ mp. for 
Kober Color Products from Our Chromatographic Filtrate Fractions, before and 
after Addition ofKrwtm Amounts of Estrogen to Essentially Estrogen-Free 
Urinary Residues 


Each test was performed on the equivalent of half of a 24 hour urine from an 
ovariectomized hxunan female. 


Experlraeat 

Kc, 

Qiroza&to* 
ertphic fil- 
trate fnc> 
tSon* 

Eatrosea tdded 

t-S»Oi 


Deteml&ed 

TTseorttiaJ 

Dettmi&ed 

TEcorttiod 

1 

1 

y 

None 

0.204 


0.377 



1 

30 0. 

0.4S2 

0.455 

' 0.420 

0.402 

2 

1 

None 

0.119 


0.204 



1 

60 0. 

0.648 

0.621 

0.228 

0.254 

3 

2 

None 

0.319 


0.634 



2 

SOD. 

0.491 

0.476 

0.649 

0.654 

4 

2 

None 

0.204 


0.347 



2 

60 D. 

0.SI2 

0.518 i 

0.372 

0.388 

5 

3 

None 

0.125 


0.176 



3 

25 T. 

0.310 

0.309 

0.191 

0.194 

6 

3 

None 

0.211 


0.250 



3 

SOT. 

0.561 

0.579 

0.268 

0.287 


O. ” estrone; D. = or^estradiol; T. =• estriol. 

• Fraction 1 •» 2 per cent methanol-benzene; Fraction 2 •= 5 per cent methanol- 
teniene; Fraction 3 “ 30 per cent methanol-benzene. 


Esiimation of Eslrogens in Urine Specimens vdth Low Estrogen Titers — ^The 
results of some of our preliminary studies which were made to determine 
the potentialities and limitations of our colorimetric estimations of the 
estrogens in urine with low estrogen titer are given in Table IV. Experi- 
ment 1 gives the results of estrogen determinations throughout a normal 
female menstrual cycle. (Complete 48 hour urine specimens were collected 
during the entire cycle with the exception of the catamenia. The 48 hour 
specimen collected on the 19th and ^h daja was used for a pregnanediol 
glucuronidate determination according to the method of Venning (12). 
6 mg. were obtained, which constitutes a positive reaction. It would 
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Table III 

Estrogen Tilers for Equivalent of S4 Hour Essentially Estrogen-Free Urine Spedmm 
Enriched with Known Amounts of Crystalline Estrogens Immediately after 

Hydrolysis 


Experimeot No. 

Amount of estrogen added 

1 

Filtrate fraction No.* 

Total cstrogtn found by 
Kober reagent 


y 


y 

1 

120 0. 

1 

108 



2 

13 



3 

4 

2 

120 D. 

1 




2 

104 



3 

8 

3 

100 T. 

1 

8 



2 

12 



3 

62 

4 

120 0. 

1 

106 


100 T. 

2 

19 


i 

3 

66 

5 

60 0. 

1 

50 


30 D. 

2 

36 


100 T. 

3 1 

1 

70 


0. = estrone; D. = «-estradiol; T. = estriol. 

* Fraction 1 «= 2 per cent methanol-benzene; Fraction 2 = 6 per cent methanol 
benzene; Fraction 3 = 30 per cent methanol-benzene. 


Table IV 


Estrogen Content of Human Normal and Early Pregnancy Urine 


Experiment 

No. 


Estrogen content per H hrs. 


Estrone 



Totil 



y 

y 

y 

y 

1 

Normal female cycle, 5- 6 days 

8 

3 

5 

16 


ti ft it g <c 

6 

4 

7 

17 


“ “ “ 9-10 " 

2 

5 

10 

17 


“ “ “ H-12 “ 

23 

20 

18 

61 


•< •« » i3_i4 «• 

8 

12 

7 

27 


“ “ “ 15-16 “ 

6 

6 

18 

30 


i, i, 

3 

9 

14 

26 


“ “ “ 21-22 " 

12 

8 

3 

23 


" “ “ 23-24 " 

9 

12 

3 

24 


“ “ “ 27-28 " 

3 

1 

-2 

2 

2 

Pregnancy, 4-5 wks. after last cata- 

50 

38 

37 

125 


menia 





3 

ft ft 

55 

30 

38 

123 

4 

Pregnancy, 8-9 tvks. after last catamenia 



300 

620 

5 

Normal male 

2 

4 

1 

7 

6 

II It 

5 

6 

4 

16 

7 

<1 tt 

5 

4 

2 

11 
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appear from this preliimnary study that the method is capable of detecting 
the imdmenstTual elevation of estrogens but that it is of doubtful value 
for a considerable portion of the cycle because of the limitations imposed 
by the use of the average JS* values. 

For female urine specimens collected as early as 1 vreek after the first 
missed catamenia in normal pregnancy, corrected estrone and estriol 
titers of sufficient magnitude vrere obtained to bring the error due to the 
use of a color correction equation rrithin favorable limits (10 to 20 per 
cent). Experiments 2 and 3 in Table W are representative of these find- 
ings. This evidence would suggest tbat the method might be a convenient 
substitute for the commonly used gonadotropic bioassay for pregnancy. 
Normal male xirine specimens as indicated in Experiments 5 to 7 conastently 
yielded estrogen titers within the range associated with essentially estrogen- 
free speamens. 


DISCUSSIOJI 

Duplicate Kober determinations on our cbromatograpbic filtrate reridues 
from essentially estrogen-free urine extracts have consistently been in as 
satisfactory agreement as is obtainable ufith pure estrogens (6 per cent). 
Washing of these essentially estrogen-free Kober color products with ethyl 
acetate reduced by one-third to one-half the photometric density at 520 and 
420 m^i without materially altering the Bx values (ratio of L-520 m^ to 
Ir420 nyi). This obser\'ation is further eridence that there is negligible 
estrogen present in the residue smd is being investigated further as a 
possible means of evaluating the Bx value for each individual Kober test. 
It is recommended that the estrogen content of all Kober tests in which 
an L-520 mft to L-420 nm ratio of less than 6.0 is obtained be calculated 
by means of the color correction equation, since the error of overestimation 
approximates 10 per cent at this ratio and increases drastically with lower 
ratios. 


SUSQUET 

A color correction equation for the Kober reagent has been proposed 
and sufficient experimental data have been derived to evaluate the con- 
stants therein. By use of the color correction equation the overestimation 
of estro^ns in a representative 24 hour urine specimen is reduced to d:7 
y of estrone, dfclO y of estradiol, and ±5 y of estriol. The method is 
sufficiently senritive to indicate the midmenstrual elevation of estrogen 
excretion in a normal female menstrual cycle. 
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STUDIES ON THE INHIBITION OF ENZYME SYSTEMS 
HsWOLVING CYTOCHROME c* 

Br STANLEY R. AMES, ANITA J. ZIEGENHAGEN, and C. A. EL'VTEHJEM 

(From the Department of Biochemutry, College of Agriculture, Unirereity 
of IVieconsin, Madieon) 

(Rcceired for publication, May 18, 1946) 

During the course of studies on the inhibition of the enzymatic oxida- 
tion of glutathione in the presence of added cytochrome c, it was noted 
that the type of inhibition observed (1) did not correspond with that pre- 
viously reported for systems involving cj’tochrome c. An investigation 
was made to compare the action of a number of inhibitors on three systems 
in which cytochrome c is concerned; namely, the enzymatic oxidations of 
ascorbate, reduced glutathione, and succinate. 

The exact natiue of the enzyme catalyzing the reaction between cyto- 
chrome c and oxygen, by definition cytochrome o.xidase, has not been fully 
elucidated. It was thought that a study of the action of a number of 
inhibitors on systems in which cytochrome oxidase was concerned might 
reveal whether it was an iron- or a copper-containing enzyme. In addition 
further information might be gained concerning the intermediate systems 
lying between the initial substrate and oxy-gen. 

The results of this investigation indicate that the hydrogen donor-cyto- 
chrome c-cytochrorae o.xidase-o.xygen system may be more complex than 
has been previously proposed, and involves both iron and copper. The 
action of several inhibitors b shown to differ markedly, depending on 
which hydrogen donor is used as the initial substrate. 

EXPERIMENTAI. 

White mice of an inbred Swiss strain were used and after weaning were 
maintained on stock ration* and water ad Itbilum plus occasional greens. 
With experimental conditions as previously' outlined (2, 3), a tissue homoge- 
nate was prepared in redistUIed water by means of the device described 
by Potter and Elvehjem (4). From this homogenate a cell-free prepara- 
tion (1) was obtained which was used immediately' in order to minimize 
inacth'ation of the enzymes ocemring in the very dilute solutions of protein 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. These studies were aided by a grant from the Rockefeller Founda- 
tion. 

‘ B-B Laboratory Rabbit Diet, Maritime Milling Company, Inc., Buffalo, New 
York. 
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(5). The dry weights of samples were determined by evaporating to con- 
stant weight in open crucibles in an electric oven at 110°. 

A conventional Warburg constant volume respirometer at 37.0° was used 
in all experimental and analytical work and the pH was determined uith 
the Beckman pH meter (glass electrode). Enzyme activities were deter- 
mined in all cases by measuring the oxygen uptake. 

The activity of the succinic oxidase system was determined by the 
method of Schneider and Potter (6) in which the components of the final 
reaction mixture (pH 7.6) are as follows: 0.4 ml. of 0.25 m sodium phosphate 
buffer (pH 7.4), 0.2 ml. of 2 X 10"^ m cytochrome c, 0.3 ml. of 0.5 M sodium 
succinate (pH 7.4), 0.1 ml. of 0.012 m CaCh, 0.1 ml. of 0.012 m AlCh, 
0.2 ml. of 1 per cent cell-free preparation of mouse kidney, solution of in- 
hibitor, and glass-redistilled water to yield a total volume of 3.0 ml. The 
gas phase was air and 0.2 ml. of 10 per cent NaOH and a small strip of filter 
paper were placed in the center well to absorb CO 2 . 

Cytochrome oxidase was determined by observing the rate of enzymatic 
oxidation of ascorbic acid as described by Schneider and Potter (6) in 
which the components of the final reaction mixtmre (pH 7.6) are as follows: 
0.4 ml. of 0.25 m sodium phosphate buffer (pH 7.4), 0.5 ml. of 2 X 10^ m 
cytochrome c, 0.3 ml. of 0.114 m ascorbic acid neutralized to pH 7.4 with 
NaOH, 0.1 ml. of 0.012 m Aids, the deared amoimt of 0.67 per cent cell- 
free preparation, solution of inhibitor, and glass-redistilled water to yield 
a total volume of 3.0 ml. The gas phase was air and 0.2 ml. of 10 per cent 
NaOH and a small strip of filter paper were placed in the center well to 
absorb CO 2 . Two levels of tissue were tested in all cases. The maxi- 
mum oxygen uptake per hour w'^as plotted for each level and extrapolated 
to zero concentration in order to correct for the autoxidation of ascorbic 
acid. Whenever sodium cyanide w'as used in the above systems, a mixture 
of alkali and cyanide was used in the center well (7). 

The activity of the glutathione oxidase system was determined by a 
modification- of the method of Ames and Elvehjem (1) in which the com- 
ponents of the final reaction mixtiHe (pH 7.6) are as follows: 0.4 ml. of 
0.25 M sodium phosphate buffer (pH 7.4), 0.2 ml. of 2 X 10~* M cytochrome 
c, 10 mg. of reduced glutathione, 0.2 ml. of 1 per cent cell-free preparation, 
solution of inhibitor, and glass-redistilled water to yield a final volume of 
3.0 ml. The gas phase was air, and in all cases a correction for the autoxi- 
dation of glutathione was made. The rate of autoxidation of glutathione 
w'as determined under the same conditions but the tissue and inhibitor 
were omitted. 

Commercially prepared compounds were used \vithout further purifica- 

* Ames, S. R., and Elvehjem, C. A., Arch. Biochem,, in press. 
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tion as follows: c.p. NsjHPO* + 12H50; c.p. NaH;PO< + HjO; sodium 
succinate, Merck; U. S. P. ascorbic acid, Merck; c.p. CaCl;; c.p. AlCb; 



Fio. I. Typical oxidation of succinate, glutathione, and ascorbate in the presence 
of cytochrome c. Curve I, succinate + 02 ml. of 1 per cent cell-free preparation, 
average rate of S8 cJnm. per hour; Curve II, glutathione -f- 02 ml. of 1 per cent cell- 
free preparation, average rate of 206 c jnm. per hour; Curve III, glutathione autoxida- 
tion (no tissue), average rate of 35 cunm. per hour; Curve IV, ascorbate -f 0.1 ml. of 
0.67 per cent cell-free preparation, average rate of 114 cJnm. per hour; Curve V, 
ascorbate -f- 0.05 ml, of 0.67 per cent cell-free preparation, average rate of 74 cjnm. 
per hour. The typical, corrected, maximum Qoi values calculated from the above 
data for the oxidations are as follows : succinate, ZIO; glutathione, 330; and ascorbate, 
6S0. The cell-free preparation was obtained as described in the text. Final concen- 
trations of the components of the reaction mixture of the succinic oxidase system are 
as follows: 0.033 ii sodium phosphate buffer, 0.13 X 10~‘ xr cytochrome c, 5 X 10** ii 
sodium succinate, 4 X 10“* u CaCl,, 4 X lO"* u AlCl,, and 0.067 per cent cell-free 
preparation (wet weight basis). The final concentrations of the components of the 
reaction mixture of the glutathione oxidase Bj’stem are as follows: 0.033 xi sodium 
phosphate buffer, 0.13 X 10~* it cytochrome c, 0.9 X 10~* xi reduced glutathione, and 
0.067 per cent cell-free preparation (wet weight basis). The final concentrations of 
the components of the reaction mixture of the system which oxidizes ascorbate are 
as follows: 0.033 xr sodium phosphate buffer, 0.33 X 10“* xt cj'tochrome c, 4 X 10~* xt 
Aid,, 1.2 X 10^ xj ascorbate, and cell-free preparation at the level of 0.022 per cent 
and 0.011 per cent, respectively (wet weight basis). 

pure, crystalline, reduced glutathione, Eastman Kodak and B. L. Lemke; 
sodium cyanide, Merck; p-nitrophenol, Eastman; sodium arsenite, Mal- 
linckrodt; c.p. sodium pyrophosphate. Baker’s; 2,4-dinitrophenol, East- 
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man; S-hydroxyquinoline, Eastman; sodium diethyldithiocarbamate, 
Eastman; a,a'-dipyridyl, Eastman; hydroxylamine hydrochloride, East- 
man; iodoacetic acid, Eastman; and sodium azide, Eimer and Amend. 
Cytochrome c was prepared in these laboratories from beef heart by a 
modification® of the method of Keilin and Hartree (9) and had been dialyzed 
against glass-redistilled water. 

All solutions were prepared in glass-redistilled water and neutralized 
if necessary to pH 7.4 with dilute NaOH. Glutathione and ascorbic acid 
solutions were neutralized just before addition to the side arm of the reac- 
tion vessel. Substrates were always added from the side arm after a 20 
minute period to insure a uniform time of contact between enzyme and 
inhibitor and to permit the flask contents to reach equilibrium. 



LOG FINAL CONC. OF INHIBITOR 

Fio. 2. Effect of cyanide on the extent of inhibition. Curve I, O, succinate; 
Curve II, □, glutathione; Curve III, A, ascorbate. The components of the above 
system are given in the text and in the legend of Fig. 1. Each e.xperimental point 
represents the average of several determinations. 

The initial substrates which were used as the hydrogen donors for cyto- 
chrome c were arbitrarily selected as succinate, reduced glutathione, and 
ascorbate. Fig. 1 illustrates the typical oxidation curves obtained in the 
absence of any inhibitor. All curves were essentially linear except for the 
latter portion of the oxidation curve of glutathione, in which the substrate 
was exhausted after about 50 minutes. In the presence of an inhibitor, 
the slopes of the curves were decreased, depending upon the concentration 
of added compound, but the curves were still linear. 

In order to compare the action of each of the inhibitors on these three 
sj^tems the per cent inhibition was plotted against the logarithm of the 

• The method is essentially that given by Potter (8), except that in the first and 
second centrifugations a Sharpies supercontrifuge was used. 
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concentration of the inhibitor. In the calculation of the per cent inhibi- 
tion the maximum Qq, values were used. Examples of this treatment are 



LOG riNAL CONC. OF INHIBITOR 

Fig. 3. Effect of azide on the extent of inhibition. Curve I, O, succinate; Curve 
II, D, glutathione; Curve III, A, ascorbate. The components of the above systems 
are pven in the text and in the legend of Fig. 1. Each experimental point represents 
the average of several determinations. 



Fig. 4. Effect of diethyidithiocarbamate on the extent of inhibition. Curve I, 
O, succinate; Curve II, O, glutathione; Curve III, A, ascorbate. The components 
of the above systems are given in the text and in the legend of Fig. 1. Each experi- 
mental point represents the average of several determinations. 

given for cyanide, azdde, and diethyidithiocarbamate in Figs. 2, 3, and 4, 
respectively. The action of cyanide was stronger than that of the other 
mhibitors, being still effective at concentrations of about 10^ ir. All 
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three systems were inhibited to essentially the same degree by cyanide; at 
low concentrations only, the glutathione oxidase system showed less in- 
hibition than the other two systems. Azide exhibited marked inhibition 
of the oxidations of succinate and ascorbate but had essentially no effect 
on the oxidation of glutathione even in concentrations as high as 0.002 m. 
This is in marked contrast with the type of inhibition obtained in the pres- 
ence of diethyldithiocarbamate. Under the influence of this inlubitor, 


TABtB I 

Effect of Other Inhibitors on Oxidation of Succinate, Glutathione, and Ascorbate 


InbibUor j 

Per cent of inbibitfon 

Compound 

Type 

Fionl con- I 
centrstion 
X J0« 

Succinic 

oxidnee 

Glutathione ^ 
oxidise 

Eniymitic 
oxidation of 
ucotbate 

8-Hydroxyquinoline 

Cu 


5 

39 

N.e. 

Na thioglycolate 

Fe 

2 

25 

11 

18 

Hydroxylamine 

H 

2 

61 

9 

40 

Na pyrophosphate | 

H 

2 

43 

S. 

S. 

a,a'-Dipyridyl 

ti 

2 

37 

16 

N.e. 

Na iodoacetate 

—SH 

2 

48 

64 

45 

“ arsenite 


2 

63 

S. 

59 

2,4-Dimtrophenol 


0.041 

5 

II 

S. 

p-NitrophenoI 


2 

13 

1 

0 

tl 


The components of the above systems are as described in the text and in the legend 
of Fig. 1. In the calculation of the per cent of inhibition, the maximum 0o» values 
were used after a 20 minute contact time between the inhibitor and enzyme. Most 
experimental values represent the average of several determinations. S. denotes 
that a Qo, greater than that of the control flask was observed, indicating that the 
addition of that compound resulted in a slight increase in the oxygen uptake. N.e. 
denotes that a non-enzymatic reaction occurred in which the rapid oxygen uptake 
masked that of the enzymatic reaction and that no inhibition value could be ob- 
tained. 

the oxidation of ascorbate shows low inhibitions in the ranges in which the 
oxidations of both succinate and glutathione are almost entirely inhibited. 

A number of other compounds which might act as inhibitors in these 
systems were tested and the results are summarized in Table I along with 
a consideration of the general type of inhibition which that compound 
exhibited previously. The extent of inhibition at only one concentration 
is given for each of the inhibitors in Table I, but this is suflScient for com- 
parative purposes. As an example of a typical copper inhibitor, 8-hy- 
droxyquinoline is similar to diethyldithiocarbamate in its effect on oxygen 
uptake, with the exception of its being involved in a chemical reaction 
with ascorbic acid. In a similar manner, the action of several compounds 
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forming complexes with iron essentially parallels that of azide in inhibitory 
characteristics. In some cases an increase in observed oxygen uptake 
was obtained on addition of the compound, and in several cases non-enzy- 
matic reactions were noted, eSectively masking observation of any enzy- 
matic reaction which might be taking place. WTiere values are given for 
the degree of inhibition, no evidence for the occurrence of non-enzj-matic 
reactions between inhibitors and initial substrates has been observed. 

DISCOSSIOK 

The systems under investigation might be represented in a simple 
schematic form (Equation 1) where GSH and GSSG represent reduced 


Succinate 



AA 


and ojddized glutathione, respectively, AAH. and AA represent reduced 
and o.^dized ascorbate, respectively, and E. indicates that the reaction is 
enzymatically catalyzed. A dehydrogenase, analogous to that which func- 
tions in the oxidation of succinate (10), is postulated on the ba^ of pre- 
luninary evidence for the glutathione oxidase system (1), and no enzyme 
has been proposed for the oxidation of ascorbate by oxidized cytochrome c. 
The enzyme functioning between cytochrome c and molecular oxygen is 
by definition cytochrome oxidase (11), the properties of which have been 
reviewed recently by Stotz (12). Cytochrome oxidase is believed to be 
identical (13) with the Aimungsferment which was indicated to be a hemin- 
containing compound (14). Considerable indirect evidence has been pre- 
sented to indicate that a copper-protein is involved in the oxidation of 
cytochrome c (15). Keihn and Hartree (16) have summarized supporting 
evidence for both the copper-protein and iron-protein hypotheses. 
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The inhibition of the cj’tochrome oxidase system by azide and cyanide 
has been reported (17, 18) but the enzyme was not inhibited by sulfhydryl 
reagents (19). In the succinic oxidase system the dehydrogenase itself 
was reported to be unaffected by cyanide and pyrophosphate (10), but 
another investigation (20) indicated that pyrophosphate was strongly in- 
hibitory. Succinic oxidase was reported to be inhibited by cyanide and 
arsenite (21), diethyidithiocarbamate (22), and also iodoacetate (19). The 
glutathione oxidase S 5 ^tem has been pre^^ously reported (1) to be strongly 
inhibited by cyanide, diethyidithiocarbamate, and iodoacetate, weakly 
inhibited by a,a'-dipyridyl and thioglycolate, and not inhibited by azide 
and hydroxylamine. 

A number of metallo proteins have been previously studied by observing 
the inhibition obtained on using the three compounds considered in detail. 
Azide has been shown to inhibit catalase (Fe) (23), peroxidase (Fe) (24), 
cytochrome oxidase (Fe?) (17), and carbonic anhydrase (Zn) (25). Di- 
ethyidithiocarbamate has been reported to inhibit tyrosinase (Cu) (26), 
laccase (Cu) (27), and ascorbic acid oxidase (Cu) (28), in addition to being 
a standard reagent in copper determinations (29). An oxidation product 
of diethyidithiocarbamate has been reported to inhibit succinic oxidase by 
acting as a sulfhydryl inhibitor (22). Cyanide is considered to be a general 
inhibitor of both iron- and copper-containing enzymes. In general, azide 
is an inhibitor for iron-containing enzymes, diethyidithiocarbamate in- 
hibits copper-containing enzymes, and cyanide inhibits both. Other less 
common trace metals may form complexes with proteins which might be 
inhibited in a similar manner but, until the enzyme in question is isolated 
and analyzed, no conclusions along this line are justified. 

If the hydrogen donor-cytochrome c-cytochrome oxidase-oxygen system 
is as simple as is diagrammed in Equation 1, with cytochrome oxidase 
considered to be a single metal enzyme and the dehydrogenases considered 
as sulfhydryl-containing enzymes, the inhibition data should be the same, 
independent of the hydrogen donor. This is not the case when the hydro- 
gen donors are succinate, glutathione, and ascorbate. Glutathione appears 
to be oxidized by a S 3 ^em containing copper as an integral part, in con- 
trast with ascorbate, the oxidation of which is depressed by iron inhibitors. 
The oxidation of succinate involves both types of inhibition, one resembling 
that exhibited by a copper-containing enzyme and the other an iron-con- 
taining enzyme. These data indicate that the oxidation of the three 
compounds is not as simple as is diagrammed in Equation 1 and show not 
only that copper or a metal resembling it may be involved in addition to 
iron but that, by changing the hydrogen donor, different mechanisms may 
be employed. The possibility may be indicated that the systems reacting 
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between the initial h 3 ’drogen donors and cytochrome c involve a metallo 
protein. 


SDMMABT 

1. The oxidation of succinate, reduced glutathione, and ascorbate by 
molecular oxj'gen with cell-free tissue preparations and added cytochrome 
c was observed, and the effects of the following inhibitors were investigated : 
cyanide, azide, diethyldithiocarbamate, 8-bydroxyquinoline, thioglycolate, 
hj'dro.xylamine, pjTophosphate, a,Q;'-dipyridyl, iodoacetate, arsenite, 2,4- 
dinitrophenol, and p-nitrophenol. 

2. By altering the initial hydrogen donor in the system, hydrogen donor- 
cytochrome c-cytochrome oxidase-oxygen, the inhibition properties are 
changed and appear to involve different metaUo proteins as follows : reduced 
glutathione, copper-containing enzyme; ascorbate, iron-containing en- 
zjTne; and succinate, both iron- and copper-containing enzymes. 

3. The above system appears to be more complex than commonly repre- 
sented, involving at least two separate types of inhibition, the properties 
of which resemble those attributed to iron- and copper-containing enzymes. 

BtBLIOGRAPHT 

1. Ames, S. R., and Hvehjem, C. A., J. Biot. Chem., 169, 549 (1945). 

2. Ames, S. R., and Elvehjem, C. A., Arch. Bioehem., 5, 191 (1944). 

3. Ames, S. R., and Elvehjem, C. A., Proc. Soc. Brp. Biol, and Med., 67, 109 (1944). 

4. Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 

5. Ames, S. R., and Elvehjem, C. A., Proc. Soc. Ezp. Biol, and Med., 68, 52 (1945). 

6. Schneider, W. C., and Potter, V. R., J. Biol. Chem., 149, 217 (1943). 

7. TJmbreit, W. W., in Umbreit, W. W., Burris, R. H., and StauHer, J. F., Mano- 

metric techniques and related methods for the study of tissue metabolism, 
Minneapolis, 45 (1945). 

8. Potter, V. R., in Umbreit, W. W., Burris, R. H., and StauRer, J. F., Manometric 

techniques and related methods for the study of tissue metabolism, hUnne- 
Bpolis,'l88 (1945). 

9. KeUin, D., and Hartree, E. F., Proc. Boy. Soc. London, Series B, 122, 298 (1939). 

10. Stotz, E., and Hastings, A. B., J. Biol. Chem., 118, 479 (1937). 

11. Stotr, E., Sidwell, A. E., Jr., and Hogness, T. R., /. Biol. Chem., 124, 733 (1938). 

12. Stotz, E., in A sjTuposium on respiratory enzj-mes, Madison, 149 (1942). 

13. Keilin, D., Proc. Roy. Soc. London, Series B, 104, 206 (1928). 

14. Warburg, O., and Negelein, E., Bioehem. Z., 214, 64 (1929). 

15. Yoshikawa, H., J. Bioehem., Japan, 25, 627 (1937). Elvehjem, C. A., J. Biol. 

Chem., 90, 111 (1931). Cohen. E., and Elvehjem, C. A., J. Biol. Chem., 107, 
97 (1934). Schultze, M. O., J. Biol. Chem., 129, 729 (1939). 

16. Keilin, D., and Hartree, E. F., Nature, 141, 870 (1938). 

17. Keilin, D., Brgeb. Enzymforsch., 3, 239 (1933). 

18. Keilin, D., Proc. Roy. Soc. London, Series B, 121, 165 (1936). Green, D. E., 

Jfechanisms of biological oxidations, Cambridge, 32 (1940). 

19. Barron, E. S. G., and Singer, T. P., J. Biol. Chem., 167, 221 (1945). 



90 


CYTOCHROME C-LINKED ENZYME SYSTEMS 


20. Leloir, L. F., and Dixon, M., Emymologia, 2, 81 (1937). 

21. Potter, V., and Elvehjem, C. A., J. Biol, Chcm., 117, 341 (1937). 

22. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 129, 277 (1940). 

23. Keilin, D., and Hartree, E. F., Ptoc. Roy. Soc. London, Series B, 121, 173 (1936). 

24. Keilin, D., and Mann, T., Proc. Roy. Soc. London, Series B, 122, 119 (1937). 

25. Sumner, J. B., and Somers, G. F., Chemistry and methods of enzymes. New 

York, 293 (1943). 

26. Kubowitz, F., Bioehem. Z., 292, 221^(1937); 299, 32 (1938). 

27. Keilin, D., and Mann, T., Nature, 143, 23 (1939). 

28. Stotz, E., Harrer, C. J., and King, C. G., Science, 86, 35 (1937) ; J. Biol. Chem., 
.'119, 511 (1937), 

29. Coulson, E. J., J. Assn. Oficial Ayr, Chem., 20, 179 (1937). 



FLUOROMETRIC STUDIES OF THE RIBOFIAVIN CONTENTS 

OF aroscLE and lr^r 

Bt anna ZMACHINSKY MURRAY, L. M. GREENSTEIN, and 
H. C. SHERMAN 

ifTom the Department of Chemistn/, Columbia Vnivereity, New Yorh) 
(Received for publication. May 27, 1946) 

"With due acknowledgment to the previous workers in this field, it seems 
unnecessary to ask space here for a full re\’iew of the individual contribu- 
tions that have established the general distribution of riboflavin in the 
tissues. And any attempt at precise quantitative comparisons of past 
findings might be misleading inasmuch as methods were still in course of 
development. 

The fact that riboflavin exists in the body to an important degree as an 
o.xidation enzyme in the tissues and the question of the body’s abifity to 
store riboflavin have led us to study quantitatively the riboflavin contents 
of muscle and liver in normal rats of different ages and after feeding at 
different levels of riboflavin content of food. 

EXPERUIENTAI, 

Riboflavin was here determined by fluorometric measurement by a 
method developed from that described by Hodson and Norris (1). 

From 0.3 to 3.5 gm. of tissue, depending on riboflavin content, were 
macerated and extracted with 50 ml. of 0.25 n sulfuric acid for 30 minutes 
in a boiling water bath. After cooling, the suspension was adjusted to 
pH 5.0 to 6.0, made up to volume, and filtered. Fluorescence measurements 
were made on (a) an aliquot of the filtrate diluted with an equal volume of 
water and (b) on a similar aliquot of .filtrate to which had been added the 
same volume of standard riboflavin solution. A blank was obtained by the 
addition of sodium hydrosulfite solution; this reading was conastently low 
in these analj-ses. 

Experiments showed that riboflavin added at the beginning of the ex- 
traction was completely recovered. 

In determinations on bloodj sodium sulfate was added at the conclusion 
of the extraction period to precipitate hemoglobin. The filtrate was pale 
yellow in color; because of this and the low riboflavin concentration of 
blood, these data are less precise than those for muscle and liver. 

Values for riboflavin obtained by this method were in good agreement 
with those found by the method of Van Duyne (2), in which the extraction 
of riboflavin was effected by enzymatic hydrolysis with pepsin. Rosner, 
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Leraer, and Cannon (3) similarly report uniform values, in which the hydro- 
sulfite blank is low and adsorption techniques are omitted, between acid- 
extracted samples and samples treated both nith acid and the enzyme 
polidase. 

The experiments were made upon normal rats from the laboratory-bred 
colony of this Department. The animals were all closely related geneti- 
cally and were of like nutritional background, except that half came from 
families whose food (Diet 485) contained twice as much riboflavin as that 
of the others (Diet 16). This Diet 16, also called Diet A in some of the 


Table I 

Riboflavin in Normal Rat Muscle 
Riboflavin is e.xpressed in micrograms per 100 gm. 



! From Diet 16 

From Diet 435 

Males 

1 Females 

Males 

Femalta 

30 days old, mean 

413 

420 

426 

428 

P. e.* of mean 

±3.7 

±4,3 

±4.2 

±5.7 

Coefficient of variation 

5.8 

5.7 

6.2 

8.3 

No. of cases 

18 

14 

17 

17 

60 days old, mean 

342 

356 

357 

368 

P. e. of mean 

±7.0 

±4,9 

±10.1 

±6.3 

Coefficient of variation 

8.6 

6.9 

10.4 

6.4 

No. of cases 

8 

11 

6 

6 

360-500 days old, mean 

238 

219 

! 


P. e. of mean 

±12.7 

±10.2 

1 


Coefficient of variation 

21.0 

19.6 



No. of cases 

7 

8 

1 


Between 30 and 60 days, difference 

71 

64 

69 

60 

P. e. of difference 

±7.9 

±6.5 

±10.9 

±8.5 

Critical ratio 

9.0 

9.8 

6.3 

6.1 

Between 60 and 360-500 days, difference \ 

104 

137 



P. e. of difference 

±14,5 

±11.3 



Critical ratio 

7.2 

12.1 




* This is the classical probable error of the mean. 


papers from this laboratory, is an air-dry mixture of five-sixths ground 
whole wheat and one-sixth dried whole milk, fed wdth sodium chloride in 
the proportion of 2 per cent of the weight of the wheat, and mth distilled 
water ad libiium. Diet 485 contained the same ingredients as Diet 16 with 
the addition of pure riboflatfin sufficient to increase its riboflavin content to 
6 to 7 y per gm, of air-dry food mixture, or twice the riboflavin content of 
Diet 16 which contains 3 to 3.5 y of riboflavin per gm. of dry food. 

Special attention w'as given to care and uniformity of procedure in the 
killing of the animals and the removal and handling of the large leg muscle 
and the liver for analy^. 
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DISCUSSION 

The data obtained in our main series of anal 3 -Bes are summarised in 
Tables I and II. 

For economj' of space, the findings are given in terms of mean values with 
the number of cases entering into each mean, and (where the numbers 
warrant) the probable error of each mean and the coefficient of variation. 
As all details of method and operation were uniform throu^out the experi- 
ments and analj’ses reported in this paper, it is probable that the coeffi- 


Table II 

Rtbofiavin in Normal Rat Livers 
Riboflavin is expressed in micrograms per 100 gm. 



1 Fraa Diet 16 

1 Frora Diet 4S5 

1 

Mala 

FetBila 

MUa 

Fctaales 

30 days old, mean 

2650 

2540 

2580 

2840 

P. e • of mean 

i db48 

t ±68 

1 ±54 

±72 

Coefficient of variation 

11.5 

13.4 

1 12.6 

15.1 

No. of cases 

18 

11 

! 16 

16 

60 days old, mean 

2814 

3079 

' 3293 

3192 

P. e of mean 

i63 0 

±50 

±163 

±95 

Coefficient of variation 

9.4 

8 0 

1 18 0 

10.8 

No. of cases 

8 

11 

6 

6 

360-500 days old, mean 

3707 

2801 



P. e of mean 

i68 

±38 



Coefficient of variation 

7.2 

5.7 



No. of cases 

7 

8 



Between 30 and 60 days, difference 

164 

539 

713 

352 

P. e of difference 

±79.2 

±84.3 

±171.7 

±119.3 

Critical ratio 

2.1 

6 4 

4.2 

3.0 

Between 60 and 360-500 daj's, difference 

893 

-278 



P. e. of difference 

±92.8 

±62,7 



Critical ratio 

9.6 

4.4 1 

1 




• This is the classical probable error of the mean. 


cients of variation here found are fairlj' indicative of the true phj-siological 
variations among animals of like genetic and nutritional backgrounds. 
Data for muscle are given in Table I, and those for liver in Table II. 

Both in muscle and in liver the mean riboflavin contents found at a given 
age uere essentiallj" alike for the animals from the basal Diet 16 (with 3 to 
3.5 y of riboflavdn per gm. of air-dry food) and from Diet 485, which con- 
tained tuice as much riboflavin. Thus an intake level of 3 to 3.5 y of ribo- 
flavin per gm. of air-drj’ food, or 0.8 to 0.9 y of riboflavin per kilocalorie of 
food, appears to have been sufficient for the support of “plateau values” of 
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riboflavin content of muscle and liver, these values not being significantly 
increased by a doubling of the riboflavin content of the food. Also, no 
significant difference between the sexes was found. 

There is, however, a slight decrease in the average riboflavin content of 
the muscle at 60 days from that found at 30 days of age. Our analyses of 
the muscles of rats 360 to 500 days old, while too few to be conclusive, 
clearly suggest a further decrease in the riboflavin content of muscle be- 
tween adolescence and middle age. 

At 30 days of age our rats contained 6.0 to 6.6 times as much riboflarin 
per gm. of tissue in liver as in muscle. At 60 days of age, the concentration 
was 8.2 to 9.2 times as high in liver- as in muscle, due to a regular (and sta- 
tistically significant) decrease in muscle at the same time with an irregular 
increase in the liver. 

Our findings for the riboflavin contents of the blood (of the same animals 
just mentioned) were of the order of 0.1 to 0.2 7 per gm. Because we regard 
these data as less precise w'e omit any detailed tabulation or statistical 
treatment of them. 


SUMMART 

In normal ratsuf both sexes at 30 days of age (“end of infancy”) and from 
diets containing either 3 to 3.5 7 of riboflavin per gm. of air-dry food or 
twice this level, the concentration of riboflavin in muscle was fairly con- 
stant, averaging 4.13 to 4.28 7 per gm. Between the ages of 30 and 60 
days, the riboflavin concentration in muscle underwent a statistically sig- 
nificant diminution; and further diminution with age is indicated by the few 
cases here examined at ages of 360 to 500 days. This change of concentra- 
tion in muscle with age is being studied further. 

Livers of 30 day- or 60 day-old rats showed riboflavin concentration 
more variable than that of muscle and 6 - to 9-fold higher. Blood, studied 
in fewer cases, showed still greater variability, with an average riboflavin 
concentration much lower than that of muscle and liver. 

The aid of grants from the Carnegie Institution of Washington is grate- 
fully acknowledged. 
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A NOTE ON THE CONVERSION IN VTVO OF THE S-BENZYL-N- 
METTHYL DERIVATIVES OF CYSTEINE AND HOMOCYSTEINE 
TO THE N-ACETYLS-BENZYL DERIVATIVES OF 
CYSTEINE AND HOMOCYSTEINE 

Br JOHN L. WOOD and VINCENT dd VIGNEAUD 

(From the Deparlmenl of BiochmUlry, ComtU Uniterrilt/ iledical CoUegt, 

New York City) 

(Received for publication. May 27, 19i6) 

Some time ago in discussions on N-methylmethionine (1), NjN'-di- 
methylhomocystine (1), and N,N'-dimethylcystine (2), the argument 
was advanced that demonstration of the growth-promoting power of these 
methylated amino acids was tantamount to demonstrating that their 
keto acid analogues were also capable of supporting growth. It was thus 
inferred that the a-keto acids derivable from homocystine, methionine, 
and cystine were utilizable for growth purposes. Since that time, the 
keto acid has been found to be effective in supporting the growth of rats 
on a diet deficient in methionine (3). 

It is of interest that d-amino acid oxidase and broken ceU preparations 
of rat kidney and liver have been shown to convert dZ-N -methylmethionine 
to the Y-methylmercapto-a-ketobutyric acid (4). Furthermore, the d 
forms of S-benzylhomocj’steine and S-benrylcysteine have been found to 
be converted in vivo to their corresponding N-acetid-S-benzyl-Z derivatives 
and excreted as such in the urine (5). In the conversion of a d-amino 
acid to its acetyl-I derivative, the keto acid has been considered a likely 
intermediate followed by asymmetric synthesis of the Z-acetyl compound 
(6). It occurred to us, therefore, that we had the opportunity of testing 
whether the intact animal is capable of carrying out the sequence of re- 
actions in keeping with the above theory for the utilization of N-methyl- 
amino acids. 

It is evident that if the N-methyl derivatives of S-benzylhomocysteine 
and S-benzylcysteine arc oxidatively deaminized to the keto acid, then 
one should be able to isolate the N-acetyl-S-benzyl-Z-homocysteine and 
N-acetyl-S-benzyl-2-cysteine, respectively, from the urines after the 
corresponding N-methyl derivatives were fed. This was found to be the 
case in the e.xperiments we carried out. 

N-Methyl-S-benzyl-l-cysteine was prepared by the method previously 
described (2). The compound had a rotation of [a]f — +6i° for a 1 
per cent solution in 1 n HCh, and melted at 207-208°. 1.5 gm. of-N- 
methyl-S-benzyl-Z-cysteine admixed with the food were given to a white 
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rat. The basal diet and the procedure for the isolation of the products 
from the urine were the same as those previously described (5). 70 mg. 
of long rod-like crystals were isolated from the urine. These crystals 
melted at 142-143° and the melting point of a mixture of this product 
with synthetic N-acetyl-S-benzyl-i-cysteine, m.p, 143-144°, [a]” = —42'’ 
(5), was the same. The product obtained had a rotation of [a]^ = —46.5° 
for a 1 per cent solution in 95 per cent ethanol. The nitrogen value checked 
the theoretical value of 5.5 per cent. 

The N-methyl-S-benzyl-dZ-homocysteine was prepared as previously 
described (1). 2 gm. of N-methyl-S-benzyl-di-homocysteine were fed 
to a white rat. 27 mg. of crystals were isolated from the urine (5). This 
material had a specific rotation of [a]|* = -}-5° in 5 cc. of 95 per cent 
ethanol. The melting point was 131.5° and the compound produced no 
depression in the melting point when mixed with an authentic sample of 
N-acetyl-S-benzyl-Z-homocysteine, m.p. 131-132°, [«]“ = -f5.5° (5). 
The analysis of the isolated product showed a nitrogen value of 5.1 per 
cent, agreeing with the theoretical value of 5.24 per cent. 

, SUMMARY 

N-Acetyl-S-benzyl-Z-homocysteine has been isolated from the urine of 
a rat fed N-methyl-S-benzyl-df-homocysteine, and N-acetyl-S-benzyl- 
f-cysteine has been isolated from the urine of a rat fed N-methyl-S-benzyl- 
f-cysteine. 

The possible relationship of these findings to the metabolism of N- 
methylamino acids and the corresponding keto acids has been discussed. 
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Glycocyamine has received special attention in recent years on account 
of the rhie it plays as an intermediate in the biosjmthesis of creatine. It 
has long been known as a body constituent and more recently methods 
have been developed for its estimation in biological material (1). The 
question naturally arises as to whether tissue glycocj-amine, like its higher 
homologue creatine, exists partly in the phosphorylated form, or whether 
phosphorylation of gl3’Cocyamme is an essential step in the biolog- 
ical synthesis of creatine or phosphocreatine. These questions cannot be 
answered before phosphoglycocyamine itself has been prepared and a 
study made of its chemical and biological properties. 

EXPERniENTAL 

PrepaTolion of Phosphoglycocyamine — The method is essentially that 
employed in the preparation of the related compounds, phosphocreatine 
and phosphoguanidine (2, 3); viz., phosphorylation with 3 moles of POCli 
in a strongly alkaline aqueous medium, removal of the excess glycocyamine 
by evacuation of the neutralized soution, precipitation of inorganic phos- 
phate first by magnesia mixture, then with calcium chloride-calcium hj’- 
droxide, and precipitation of the calcium salt of phosphogb'cocyamine by 
the addition of 2 volumes of alcohol. The calcium salt is then purified as 
follows: centrifuge, remove sodium chloride bj' repeated suspension of the 
precipitate in a little water, followed by precipitation with 2 volumes of 
alcohol. The precipitate is then dissolved bj* repeated extractions (shaking 
machine) with water, and evacuation of the extracts to a small volume by 
use of the ice-desiccator method (4). The calcium salt that crystallizes 
out is centrifuged, washed with 70 per cent alcohol, then writh 95 per cent 
alcohol, and finally with ether. From 5 gm. of glycocyamine 1.8 gm. of 
phosphoglj’cocj'amine-calcium salt are obtained which is sufficient!}- pure 
for enz}'matic studies. 

To obtain an analytically pure product 1 gm. of the salt is suspended in 
50 cc. of ice-cold water and dissolved by the addition of a few drops of 
dilute hydrochloric acid. Neutralize immediately to phenolphthalein 

• Present address, Converse Laboratory, Harvard Univeraty, Cambridge, Mas- 
sachusetts. 
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with powdered calcium hydroxide, filter, and add 3 cc. of 60 per cent calcium 
chloride and 2 volumes of alcohol. A crystalline precipitate (sphemlites) 
is formed which, after being w'ashcd with alcohol and dried, is redissolved 
and neutralized with calcium hydroxide as described. The filtrateisnow 
made acidic to brom-cresol purple before precipitation with alcohol as in 
the Fiske and Subbarow procedure for the purification of phosphocreatine 
(5). The washed precipitate is ah-dried and analyzed. 

C,HAN,PCa-3HiO. Calculfttcd. C 12.4, H4.1, N 14.5, P 10.7 
Found. " 12.96, "4.05, " 13.8, “ 10.4 

Hydrolysis of Phosphoglycocyamine in Acid Solution — Phosphoglycocy- 
amine is distinctly more stable than phosphocreatine; whereas pbospho- 
creatine is completely hydrolyzed in 30 minutes, if allowed to stand at room 
temperature in Fiske and Subbarow's acid molybdate reagent (5), phospho- 
glycocyamine is hydrolyzed only to the extent of 15 per cent at 28° under 
these conditions. After 4 hours 55.7 per cent and after 10 hours 87 per 
cent hydrolysis takes place. 

In normal hydrochloric acid at 100“ phosphoglycocyamine is hydro- 
lyzed completely in 2 minutes. It is thus more labile than the two “hy- 
drolyzable” phosphate groups in adenosine triphosphate which under the 
same conditions are split in 7 minutes. Phosphoglycocyamine can thus 
be determined in the presence of adenosine triphosphate, as will be shown 
below. 


Enzymatic Studies 

Transfer of Phosphate from Phosphoglycocyamine to Adenylic Acid mih 
Formation of Adenosine Triphosphate — ^In the presence of Meyerhof’s 
enzyme from rabbit muscle extract and under the conditions set forth by 
Lohmann (6), phosphoglycocyamine transfers its phosphate to adenylic 
acid. In this respect phosphoglycocyamine is slightly less active than 
phosphocreatine, mole for mole. Table I which represents an average of 
several experiments illustrates this fact. Phosphoguanidine, on the other 
hand, does not transfer its phosphate to adenylic acid. 

Methods 

Phosphorus Compounds— AdenyHc acid and adenosine triphosphate were 
prepared according to Kerr (7, 8) ; phosphocreatine and phosphoguanidine 
as mentioned above (2, 3). 

FTjzyTne— Meyerhof’s enzyme was prepared from rabbit muscle by 
extracting 2 parts of minced muscle with 3 parts of ice-cold water. The 
extract was dialyzed for 1 week in the ice chest against distilled water and 
0.5 per cent KCl alternately. To this extract bicarbonate and phosphate 
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were added according to Lohmann (6) and the pH brought to 7.2 to 7^ 
by bubbling COj through it. 

Determination of Phosphorus Compounds — ^Inorganic phosphate plus 
phosphocreatine phosphorus -was determined by the method of Fiske and 
Subbarow (5). The “hydrolyzable” phosphorus of adenosine triphosphate 
was taken as the amount of inorganic phosphate formed after heating for 
7 minutes in n HGl at 100°. The amount of adenosine triphos- 
phate formed by the action of phosphoglycocyamine on adenylic acid is 
determined indirectly in the following manner. After incubation with the 
enzyme and precipitation of the enzyme protein by adding an equal volume 

Table I 

Transfer of Phosphate from Phosphoglycocyamine to Muscle Adenylic Acid 

In each case 1 cc. of Lohmann’s enzyme mirtnre (6) containing 0.44 mg. of in- 
organic P was used. To this the Eolations containing the phosphorus compounds 
were added and the final volvime was made up to 4 cc. by the addition of water. 
Incubation was for 1 hour at 28°, after which precipitation with 4 cc. of 10 per cent 
trichloroacetic acid was carried out. The figures represent mg. of phosphorus. 



+ isornnic 
pbofpHite 

1 ?eusu 

bjdrolyiJji 
T»hc 

bydrolyais 

T*J3t 

( HydrciTakJi 
Pfcrsad 

1 

Phosphocreatine, 0.44 mg. P -b 
adenylic acid, 0.223 mg. P 

0.46 

0.74 

0.83 

0.37 

Phosphoglycocyamine, 0.45 mg. 
P -b adenylic acid, 0.223 mg. 

0.49 

0.79 

0.88 

0.30 

Phosphoglycocyamine, 0.45 mg. 
P -b enzyme 

0.55 

i 

0.87 

0.87 

0.00 

Phosphoguanidine, 0.62 mg. P 
-b adenylic acid, 0.223 mg. P 

0.51 

1.03 

1.03 

i 

0.00 


of 10 per cent trichloroacetic acid, aliguot samples were taken from each 
specimen and HCl added to make the solution 1 n. The tubes are im- 
mersed in a briskly boiling water bath and a 2 minute and a 7 minute 
hydrolysis value obtained. These values are the same in the control 
tubes, i.e. when only phosphoglycocyamine was added to the enzyme 
solution, but are different when adenoane triphosphate is formed. The 
percentage hydrolysis of adenosine triphosphate after 2 minutes is de- 
termined more accurately on the adenosine triphosphate formed enzy- 
matically from phosphocreatine and adenylic acid than from a control 
containing adenosine triphosphate only. Under the conditions of the 
experiments represented in Table I, an average of 73 per cent of the “hy- 
drolyzable” phosphorus of adenosine triphosphate was split in the first 2 min- 
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utes and 27 per cent in the last 5 minutes. The “hydrolyzable” phosphate 
formed from phosphoglycocyamine would thus be the difference between 
the 2 and 7 minute values divided by 0.27. The 2 minute value varies 
from one experiment to the other, depending on the time it takes the 
solution in the immersed tubes to reach 100° and on the rate of cooling 
after the 2 minutes are over. It is therefore essential that all specimens be 
hydrolyzed at one time and in test-tubes of the same size and quaUty. 

Other Enzymatic Studies — The reaction phosphocreatine + adenylic 
acid = adenosine triphosphate -f creatine is reversible (6), the reverse 
reaction being favored in alkaline medium (9). We have tried to ascertain 
whether the reverse reaction would take place wth glycocyamine instead 
of creatine but no phosphoglycocyamine was formed in neutral or alkaline 
(pH 10) medium, as was evidenced by the fact that the 2 and 7 minute 
hydrolysis values in the test experiment were the same as in the control 
containing only enzyme and adenosine triphosphate. In this connection 
it must be mentioned that in our own hands and by the use of our enzyme 
preparations the" reverse reaction, i.e. the formation of phosphocreatine 
from creatine and adenosine triphosphate, could be made to take place only 
at pH 10 ; at pH 7.2 and under the same conditions that the forward reaction 
proceeded no trace of phosphocreatine was formed. Finally, it was found 
that neither at pH 7.2 nor at pH 10 was there an enzymatic transfer of 
phosphate from phosphocreatine' to glycocyamine or from phospho- 
glycocyamine to creatine. 


DISCUSSION 

It is apparent from the results given above that the reaction phos- 
phoglycocyamine -k adenylic acid = adenosine triphosphate -f glycocy- 
amine takes place in vitro. Whether and to what extent this reaction plays 
a significant r6Ie in vivo is at present a matter of speculation. There is no 
reliable information on the glycocyamine content of muscle tissue. Bor- 
sook and Dubnoff (10) give a figure of 3 to 6 mg. per cent. By their 
method, however, one would not be expected to extract all the glycocyamine 
if the latter existed partly in the phosphorylated form. As a labile 
phosphorus compound, phosphoglycocyamine could easily escape de- 
tection and would be included in the figure for “hydrolyzable” phosphorus 
which represents the two labile phosphate groups of adenosine triphosphate. 

SUJCVIAnY 

1. The synthesis of phosphoglycocyamine is described. 

2. In the presence of Meyerhof's enz3me from rabbit muscle extract 
phosphoglycocyamine, like phosphocreatine but unlike phosphoguanidine, 
transfers its phosphate to adenylic acid with the formation of adenosine 
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triphosphate. This reaction, however, b not reversible either in neutral or 
in alkaline medium. 
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It -was to be expected that the discovery of the diabetogenic action of 
aDoxan would stimulate anal3T5ts in a search for methods for the determina- 
tion of this remarkable compound. Whereas up to 1945 no such method 
was available, with the exception of a half quantitative semimicro procedure 
by Lieben and Edel (1), early that year two methods were published by 
Leech and Bailey (2), no less than six by Archibald (3), and finally a highly 
sensitive test by Baneijee, Dittmer, and du Vigneaud (4). Leech and 
Bailey’s procedures are of only moderate specificity, and in their present 
fonn allow the determination of blood alloxan only, while none of the 
other methods has yet been adapted to the analysis of alloxan in biolo^cal 
materials, except for some recovery experiments with various blood fil- 
trates (3). The present method, which is comparatively simple, highly 
specific, and adapted to the determination of allo.xan in blood, tissues, and 
other material, may therefore be of some value. 

Alloxan in amounts varying from 0.04 to 0.4 mg, can be determined by 
the method which is based on the following principle: (a) conversion of 
alloxan to violuric acid by evaporation in vaaio with hydroxylarrdne, 
according to 

HN-CO-NH-CO-CO-CO + H.NOH = HN-CO-NH-CO-C=>NOH-CO + H,0 

I • • -- - » 

(6) photometric determination of the violuric acid in the form of its ferrous 
complax, probably according to 

SCiHjNiO* -f- FeSOi ^ Fe(C4HxN’,04)x*C4HiN,04 -h HxSOx 
EXPEEISIENTAL 

Color Reaclion of Violuric Acid with Bivalent Iron 

The blue color resulting from the addition of ferrous salts to solutions 
of -violuric acid seems to have been first observed by von Baeyer (5). In 
order to develop a method for the estimation of -violuric acid, it was decided 
to investigate the reaction more in detail. Early in this study it became 
evident that the comparatively -weak color could be greatly strengthened 
by the addition of small amounts of alkali. At the same time the stability 
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of the solution decreased rapidly, and repeated filtrations oecame necessary 
to obtain satisfactory photometric readings. This difiiculty was largely 
overcome by the addition of 20 per cent glycerol, which not only stabilized 
the color for 10 to 20 minutes over a wide range of pH, but also increased 
it substantially. Thus it became possible to study the influence of pH 
and dilution on the color. 

To 0.6 mg. of violuric acid were added 2 cc. of 50 per cent glycerol, 
about 15 mg. of solid ferrous ammonium suKate, and borate buffers of 
various pH up to 5 cc. final volume. The extinction which w’as read in the 
Pulfrich photometer, with a 0.5 cm. cuvette and Filter 61, rose from 0.52 
at pH 7.26 to 1.50 at pH 9.97. At liigher pH, the solutions w'ere very 
unstable and rapidly became turbid, making correct readings impossible. 
Some experiments with glycine buffer gave similar results. 

After reading, the colors were diluted with the respective buffers, to 
which 20 per cent glycerol had been added, and again read. The extinc- 
tion values thus obtained decreased quite out of proportion to the dilution, 
e.g. from 1.18 (undiluted, pH 8.9) to 0.44 (1:1 dilution, same pH), or 
from 1.11 (undiluted, pH 8.57, glycine buffer) to 0.20 (1:3 dilution, same 
buffer). Better results were not obtained if instead of dilution smaller 
amounts of violuric acid, 0.15 or 0.3 mg., were determined directly, indi- 
cating that Beer’s law is not valid under these conditions. In order to 
test whether this w'as brought about by dissociation of the colored com- 
pound into colorless ions, attempts were made to depress the dissociation 
by various additions. Glycerol, alcohol, ferrous sulfate, and magnesium 
sulfate all strongly increased the color, roughly in proportion to the amounts 
added. Once this had been established, it wms decided to carry out the 
reaction in a wmter-free solution, in order to prevent dissociation as far 
as possible; therefore absolute alcohol was chosen as the solvent. 

In alcoholic solutions, strong and stable colors w'ere obtained, which did 
not further increase upon the addition of glycerol or any of the other 
substances mentioned above. Small amounts of alkali had only a small 
effect on the color. After dilution with absolute alcohol, the extinction 
coefficients of the solution decreased in exact proportion to the dilution 
over a wide range of concentration. A final difficulty arose when it was 
observ'ed that hydroxylamine hydrochloride, the presence of w'hich is 
necessary during the later stage of the determination, caused a substantial 
depression of the color, owing to a decrease in pH from 5.8 in the original 
solutions to about pH 5.0 after addition of hydimydamine. This was 
overcome by the addition of quinine hydrochloride, w'ffich is easily soluble 
in alcohol and stabilizes the pH at 5.9. 

A few remarks may be appropriate concerning the composition of the 
colored reaction product. Kuester (6) isolated a blue compound from aque- 
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ous solutions of violuric add and fenxjus acetate, vrliicli ■svas insoluble in 
organic solvents and whicb had an iron content corresponding to a simple 
iron salt with the formula FeCCiHsOiNj).. The possibility of complex 
salt formation should not he overlooked, however, particularly since 
Hantzsch (7) isolated a number of complex salts of violuric add with 
monovalent metals, with the general formula MeCiH-OiNj -J- C 4 Hj 0 iNi. 
To obtain some experimental eddence on this point we tried to determine 
the rninimiim amoimt of iron (as ferrous ammonium sulfate), suffident 
to give the op timum color with a given amount of violuric add. On grad- 
ual addition, the optimum was reached with 35 y of iron per 0.3 mg. of 
violuric acid, and further addition remained without effect. This figure 
corresponds fdrly closdj’ to the 32 y required by a compound of the com- 
plex formula FeCCiHjOiNj). + C«HjO<Nj. The iron violurate of Kuester 
would require 45.7 y of Fe. 

Consirudion of Standard Curve for Photometric Determination of 
Violuric Add 

60 mg. of violuric add, prepared dther from alloxan and hydroxylamine, 
or from barbituric add and sodium nitrite, and dried to constant wdght 
at 100°, were dissolved in 100 cc. of absolute alcohol. This solution re- 
mains stable for months, even at room temperature. To various ammmts 
of this standard were added 1 cc. of 50 per cent (by volume) glycerol in 
absolute alcohol, 10 mg. of solid hydroxj'lamine hydrochloride, and ab- 
solute alcohol up to 5 cc. Cautious heating below the boiling point facili- 
tates solution of the hydroxylamine. 0,2 gm. of quinine hydrochloride 
was ne.xt added, followed by 0.1 cc. of a saturated solution of ferrous am- 
monium sulfate in 50 per cent glycerol-alcohol. The blue color wluch 
develops immediately remains stable for hours. 

Extinction was measured in the Pulfrich photometer, with a 1 cm. 
cuvette and Filter 61 (610 nm)- Fig. 1 shows that Beer’s law holds satis- 
factorily betu'een 0.04 and 0.4 mg. of violuric acid. Above 0.15 mg. the 
color is so strong that it is better read in a 0.5 cm. cuvette. Fig. 2 demon- 
strates the spectral distribution of the absorption, as determined rougihly 
with the nine filters available for our instrument. 

Conversion of AUoxan into Violuric Add 

noluric acid is prepared with nearly theoretical jdeld bj* mixing equi- 
molecrdar amounts of alloxan and hydroxylamine in saturated solutions. 
An attempt was therefore made to evaporate dilute solutions of the two 
substances in vacuo, and very satisfactory yields were obtained when the 
■\'ioluric acid formed was determined by the method outlined above. The 
conversion became quantitative when alcohol, Kmnll amounts of glycerol. 
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or both, were present during the evaporation. Since the latter substance 
prevent^ spattering of the contents of the flask towards the end of the 
process and possibly stabilized the colors later obtained, its addition was 
incorporated into the procedure finally adopted. It should be emphasized, 
however, that the presence of glycerol has no influence on the strength oi 



Fig. 1. Standard curve for the determination of violurio acid (X) and recovery 
of alloxan aa violuric acid (O). 



Fig. 2. Spectral distribution of the extinction coefficient of iron violurato (0.3 
mg.) in alcoholic solution. 

the color of iron violurate in alcoholic solution, and is used only for its 
physical properties during the evaporation. 

An excess of hydroxjdarnine was found necessary in order to obtain 
quantitative yields of violuric acid. For amounts up to 0.25 mg. of al- 
loxan, 10 mg. were sufficient, but for 0.4 mg. 18 mg. were needed. 

Deiermination of Alloxan 

Apparatus — ^This is an ordinary 50 cc. distillation flask, fitted with a fine 
capillary reaching exactly to the bottom; the side tube should be situated 
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in the upper part of the stem. A 300 cc. beaker filled "sritli paraflm oil 
or glycerol serves as the bath. 

Eeagerds — 

1. A mixture of equal volumes of glycerol and absolute alcohol, con- 
taining per cc. 15 mg. of powdered hydroxylamine hydrochloride dissolved 
by moderate heating. 

2. Quinine hydrochloride, iron-free, U. S. P. or B. P. grade, is satis- 
factory. 

3. Iron solution. To 25 mg. of ferrous ammonium sulfate are added 3 
drops of water and 5 cc. of the ^ycerol-alcohol mixtiire. This should 
be freshly prepared every 2nd day. 

4. Alloxan standard. An aqueous solution of alloxan monohydrate, 
containing 0.3 mg. per cc. If acidified with a drop of N H^O^, and stored 
at 4°, it remains stable for at least 1 week. 

Procedure — The sample under investigation is introduced into the 
distillation flask, and 1 cc. of the hydroxylamine solution is added, fol- 
lowed by sufficient alcohol to bring the volume to about 20 cc. Distilla- 
tion is then started by gradual evaporation with a water pump. It is 
convenient to have the bath previously heated to 40-50°. Under these 
conditions the whole distillation takes about 12 minutes, at the end of 
which the temperature should have risen to 90-100°. It is further raised 
to 110-120° within about 5 minutes, with occasional closing and opening 
of the capillary with the finger to facilitate expulsion of the last traces of 
moisture from the glycerol. Should any water remain on the neck of the 
flask, it is removed by gentle heating with a Bunsen flame. 

The flask is then allowed to cool outside the bath, with the vacuum 
still on. "When cool, exactly 4.5 cc. of absolute alcohol are added, followed 
by 0.2 to 0.3 gm. of solid quinine hydrochloride. The flask is thoroughly 
shaken for 1 minute, to insure complete solution, and finally 0.1 cc. of the 
iron solution is added. The blue solution is filtered, if necessary, and its 
extinction read in a photometer at 610 mfi. With pure alloxan it remains 
stable for hours, but with extracts from biological material it usually 
becomes turbid in 10 to 20 minutes. 

Pig. 1 shows the recovery, with this method, of various amoimts of 
alloxan as violuric acid. The extinction values lie very closely to the 
standard curve constructed by direct determination of violuric acid, a 
fact which proves that the converaon of alloxan into violuric acid is quan- 
titative under these conditions. Since the molecular weights of alloxan 
monohydrate (160) and violuric acid (157) are nearly identical, for practical 
purposes each mg. of alloxan can be assumed to yield 1 mg. of violuric acid. 
In the construction of the curve of Fig. 1, however, the theoretical relation- 
ship has been taken into account. 

Violuric acid can thus be used as a convenient and stable standard for 
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the photometer or the Duboscq type colorimeter. Nevertheless, each 
analyst should check the eiBciency of the condensation procedure by plot- 
ting his calibration curve from an alloxan standard and comparing it with 
that obtained by direct determination of noluric acid, as has been done 
here. Each mg. of alloxan should give the same color as 0.97 gm. of 
violuric acid. 

Blank — With pure alloxan solutions, a blank determination is not neces- 
sary, since no color is obtained from the reagents. Extracts of biolopcal 
materials, prepared by the method outlined later, yield a light brown color 
•which lends a greenish tinge to the pure blue of iron ^^olurate. The ex- 
tinction of these browm solutions, when measured with Filter 610, corre- 
sponds to that of 0.01 to 0.02 mg. of alloxan. If high accuracy is desired, 
or if amounts of alloxan smaller than 0.1 mg. are to be determined, this 
blank value must be taken into account. This is done by measuring the 
absorption of the filtered final solution before and after the addition of 
iron and using the difference between both readings for calculation from 
the standard curve. 

Specificity of Method — All N-substituted alloxans yielded blue iron 
violurates -with the present procedure, which can thus be used for the 
determination of these partly diabetogenic (8) compounds. The first 
reduction product of allo.xan, dialuric acid, was likewise converted up to 
80 to 90 per cent into ■violuric acid; this can be explained by the fact that 
dialuric acid is readily autoxidized to alloxan (9). Accordingly, any 
dialuric acid which might be present in biological material is also deter- 
mined, but this can hardly be considered a setback, since this compound 
has been shown by Bruckmann and Wertheimer (8) to -possess the same 
diabetogenic action as alloxan, into which it seems to be rapidly converted 
in vivo by blood hemoglobin. Alloxantin, the condensation product of 1 
molecule of alloxan and of dialuric acid, dissociates in aqueous solution into 
these compounds (10) and accordingly is recovered as ■violuric acid. Al- 
coholic solutions of alloxantin gave only traces of ■violuric acid. 

No color was obtained with alloxanic acid, parabanic acid, murexide, 
uric acid, barbituric acid, and phenobarbitone. Ninhydrin gave a bro^wn 
color, which it may be possible to use for the quantitative determination 
of this compound. A large number of blood and organ extracts from 
various sources never yielded a blue color. This proves, incidentally, the 
absence of appreciable amounts of alloxan in normal tissues, which is in 
contradiction to the recent report by Ruben and Tipson (11). 

Application of Method to Biological Material 

Obviously, a satisfactory extraction method should give the maximum 
of alloxan and a minimum of interfering substances, at the same time in- 
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suring removal of all proteins. Alloxan is easily soluble in •water and 
acids, so that Folin-Wu or trichloroacetic acid extracts should be expected 
to ^ve good results. These filtrates, however, •were foumd to contain 
much interfering material, and all attempts to remove it were unsuccessful. 
Ammonium sulfate, followed by alcohol, was much better in this respect, 
and treatment fullers’ earth, which does not absorb alloxan, removed 
nearly all interfering substances. The procedure finally adopted for the 
extraction of alloxan from biolopcal material is as follows: 

Tissues — gm. of tissue, freshly excised or frozen in a COretber mix- 
ture, is immediately placed in a small, ice-cooled mortar, rapidly minced, 
and ground ■with ^ass powder ■nith the addition of 0.5 gm. of ammonium 
sulfate. The mixteue is then extracted by successive portions of ice-cold 
absolute alcohol, a total volume of 20 cc. being used. The extracts, to- 
gether -with the readue, are transferred to a centrifuge tube, vigorously 
shaken for 2 nunutes, and centrifuged for 5 minutes. The supernatant is 
decanted into a second tube containing 1 gm. of fullers’ earth (free from 
alkali) and 2 drops of N HCl, and the tube is shaken for 1 rrsinute and ag^ 
centrifuged. The filtrate is now ready for analysis, but may be kept for 24 
hours in the refrigerator -without loss of alloxan. 

Blood or Serum — Freshly drawn blood is immediately placed in an 
ice-cooled test-tube containing an anticoagulant; heparin, oxalate, and 
fluoride are all equally satisfactory. 1 cc. is quickly pipetted into a large 
centrifuge tube, 0.5 gm. of solid armnoiuum sulfate and 20cc. of cold absolute 
alcohol are added, and the mixture is shaken for 3 minutes. After centrif- 
ugation, the sample is ready for analyEds and needs no treatment -with 
fullers' earth, since blood and serum filtrates do not contain interfering 
substances. 

Table I shows the results of some typical experiments in which 0.3 mg. 
of alloxan was added to various extracts prepared as outlined above. The 
over-all range of recovery, as detemuned on some 50 samples of blood, 
Eemm, plasma, and various organs is from 70 to 95 per cent. For practical 
purposes it is therefore suggested that alloxan values found in analjBes 
of similar biological material be multiplied by 1 .25 to correct for incomplete 
recovery. This correction, which is necessitated by the loss of alloxan 
caused by interfering substances in the alcohol extracts, may be termed 
the “filtrate correction.’’ 

A second, minor source of alloxan loss was discovered when alloxan, 
dissolved in 0.75 cc. of water, was added to 20 cc. of absolute alcohol, cen- 
trifuged, and the alloxan content of the filtrate determined. Bather im- 
expectedly a constant loss of 10 per cent was encountered, regardless of 
the amount of alloxan added. With 50 per cent alcohol the loss was stOl 
greater, but addition of 40 instead of 20 cc. of absolute alcohol resulted in 
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100 per cent recovery. Since, however, it seems impracticable to use more 
than 20 cc. of alcohol per gm. of tissue, no alteration in the procedure is 
proposed. 

No correction has been made throughout this paper for this loss, which 
is probably due to the insolubility of alloxan hydrate in alcohol, the com- 
pound actually dissolved being alloxan anhydride (Biltz (12)). Experi- 
ments with a few N-substituted alloxans indicate a higher degree of in- 
solubility in alcohol, so that with such substances appropriate corrections 
should be employed. 


Table I 


Kecovery of Alloxan {0.S Mg.) Added to Alcoholic Tissue Extracts 


Source of extract, 1 cm. or 1 cc. 

Age o! umplc 

AUoxui recovered 

Recovery 


Fresh 

y 

230 

fer ctnl 

n 

** mM\ 

it 

275 

91 

** mbhit 

1 day 

Fresh 

260 

88 

Blood, •* 

218 

73 

(< <( 

1 day 

Fresh 

tt 

255 

86 

** rn.t 

246 

82 

** man 

276 

91 

r.af 

44 

222 

74 

** rat 

44 

214 

71 


II 

214 

71 

* i 

TCiHnp.yj rat 

II 

268 

89 


44 

275 

91 




Recovery of Alloxan from Biological Materials 

Alloxan disappears very rapidly from biological materials. This has 
already been observed by previous workers (1-3) who stressed the necessity 
of speed in the extraction of alloxan. Knowledge of the factors responsible 
for this disappearance is essential for an understanding of the fate of alloxan 
in the body, and may thus be of value for the elucidation of the specific 
diabetogenic action of this compound. 

While a more detailed report on the interaction of alloxan and tissues 
and its distribution in the body after injection will be given in a later 
publication, the object of the present paper is to show to what extent 
recovery of alloxan may be expected when it is added to minced tissues, 
blood, or serum. 

If not indicated otherwise, all samples were used immediately after 
being taken, or were kept frozen in a COa-ether mixture for up to 30 
minutes. When acidification was desired prior to the addition of alloxan. 
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KHiPOj (pH 4.5) or HCl was added. After short periods of contact, 
either in test-tubes with gentle shaking or in mortars ■nith stirring, alloxan 
was extracted by the ammonium sulfate-alcohol-fullers’ earth process. 

Table II lists a ntunber of such experiments carried out at about 4°, 
since it was formd that usually somewhat better recoveries were obtained 
at a lower temperature, which likewise slowed the rate of disappearance of 


Table II 

Recarery of OjS ilg. of Alloxan Added to Biological Material 
Amount of tissue, 1 gm. orl co.; time of contact, 5 to 10seconds;temperature,4°. 


Sftpplc 

Ko* 

Tmce 

Species 

of ssBple 

pH 

Alloz&a 

recovered* 

Recovery 

1 

Serum 

Man 

Fresh 

Natural 

y 

76 

per cent 

25 

1 

it 

II 

<1 

1-2 

90 

30 

1 

II 

II 

2 days 

Natural 

170 

67 

2 

II 

Cat 

Fresh 

tl 

161 

53 

3 

It 

Babbit 

1 day 

II 

190 

63 

4 

Blood 

II 

Fresh 

ft 

130 

43 

4 

II 

II 

1 day 

II 

121 

40 

5 

II 

Man 

Fresh 

II 

103 

34 

5 

II 

II 

II 

4.6 

121 

40 

6 

II 

II 

1 day 

Natural 

142 

48 

6 

II 

II 

1 ’• 

4.5 

148 

49 

7 

Pancreas 

Bat 

Fresh 

Natural 

138 

48 

8 

11 

Cat 

<1 

II 

106 

35 

9 

Liver 

Bat 

II 

II 

115 

38 

10 

If 

Babbit 

l< 

ft 

127 

42 

10 

II 

11 

II 

4.6 

117 

39 

mm 

Kidney 

Bat 

II 

Natural 

65 

22 


Muscle 

Cat 

“ 

“ 

76 

25 

u 

II 

II 

II 

1-2 

60 

20 


•“Filtrate correction" (see the text) applied. 


alloxan from the mixtures. In these experiments, the actual “filtrate 
correction” (see above) was determined for each sample by direct analysis. 

While fairly large differences exist in the alloxan-binding power of the 
various samples, it is evident that even at low temperature and very short 
contact times more than half of the alloxan added disappears immediately. 
Somewhat better results were obtained when 5 mg. instead of 0.3 mg. of 
alloxan were added per gm. of tissue, but such concentrations are not 
encountered in actu^ injection experiments. Acidification prior to the 
addition of alloxan had usually little influence on recovery; however, keep- 
ing the samples for 1 to 2 days at 4“ before use resulted frequently in 
a decrease in their alloxan-binding power. 
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Archibald (3), in Ins extensive review of the known properties and re- 
actions of alloxan, comes to the conclusion that at least two factors may 
account for the disappearance of alloxan from biological material; (1) 
alkalization, vath formation of alloxanic acid, (2) reduction to alloxantin 
by the SH — and a-amino groups of proteins or free amino acids. The 
same two mechanisms had already been suggested by Labes and Freis- 
burger (13). The influence of the first factor can be avoided by the use 
of acidified tissues, as shown above. Thus the large and immediate loss 
which occurs nevertheless with fresh tissues cannot be due to alkalization. 
It remains to be seen Avhether it is caused by the immediate reduction, 
by SH — or other groups, of alloxan to dialuric acid, vdth subsequent 
formation of alloxantin and murexide, or whether some other reaction 
is involved. 


SUMJtART 

1. The color reaction between violuric acid and ferrous salts has been 
studied, and a photometric method for the determination of violuric acid 
has been developed. 

2. Alloxan is quantitatively converted into violuric acid by evapora- 
tion in vacuo in the presence of hydroxylamine. It can thus be deter- 
mined as violuric acid. 

3. The method is specific for alloxan, N-substituted alloxans, and dialuric 
acid, and amounts of alloxan ranging from 0.04 to 0.4 mg. can be deter- 
mined. 

4. Treatment of blood, serum, or tissues with ammonium sulfate, alcohol, 
and fullers’ earth yields extracts from which added amounts of alloxan 
are satisfactorily recovered. Several other extraction methods have been 
found less suitable. 

5. Recovery experiments show that a large percentage of alloxan dis- 
appears immediately after its addition to biological material, even at 
low temperature and acid reaction. 

I wish to express my thanks to Mr. M. ChaimoAvitz for his valuable 
technical assistance during the development of this method. 
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THE METABOLISM OF SULFUR 


XXXI. THE DISTRIBUTION OF URINARY SULFUR AND THE EXCRETION 

OF KETO ACIDS AFTER THE ORAL ADMINISTRATION OF SOME 
DERIVATI\TS OF CYSTINE AND METHIONINE TO THE RABBIT* 

Br CHAO-WEN SHEN and HOWARD B. LEWIS 

(Prom the Department of Biolospcal Chcmietry, Medical School, Unhersity of Michigan, 

Ann Arbor) 

(Received for publication, June 6, 1946) 

The enzymatic systems which effect the biological degradation of the 
sulfur-containing amino acids of the protein molecule, cystine and methio- 
nine, are not well understood. Knowledge of the intermediary stages in the 
metabolism of these amino acids is also lacking. When either of these 
amino acids is administered orally or parenteraliy in moderate amounts to 
the more common laboratory animals (cat, dog, rabbit, or rat), the sulfur is 
excreted almost exclusively as oxidized (sulfate) sulfur in the urine, and 
slight increases only in the organic sulfur fraction of the urine are observed. 

It is generally believed that a primary change in the metabolism of the 
naturally occurring amino acids is oxidative deamination; enzyme systems 
which accomplish this oxidation have been described (1), and the products 
of such deamination have been isolated, not only in in vitro experiments 
with tissue slices (2) but also from the urine of experimental animals to 
which amin o acids were administered (3). The keto acid derived from the 
oxidative deamination of methionine has been thus characterized but, so 
far as is known to us, the corresponding derivative of cystine has not been 
identified as a product of the intermediary metabolism of this amino acid. 

A second problem of catabolism must be considered also in the study of 
the sulfur-containing amino acids; i.e., the omdation of the suKur. Does 
oxidation of the sulfur occur prior to oxidative deamination? What is the 
relation, if any, between oiddative deamination and oxidation of the sulfur? 
One of us (L.) has shown that if the deamination of the amino group of 
cystine (4, 5) or metluonine (6) is interfered with by “blocking” the amino 
group with a group difiacult to remove biologically (phenylureido or ben- 
zoyl), the oxidation of the sulfur does not occur normally. When these 
compounds were administered to rabbits, no significant increase in the 
oxidized (sulfate) sulfur of the urine was observed and the sulfur of the 
compoimds admiiustered appeared largely in the organic sulfur fraction of 
the urine. This relative stability of the sulfur in derivatives of cystine or 

• This reeearcli waa made possible by grants from the research funds of the 
Horace H. Rackham School of Graduate Studies. 
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cysteine in which the thiol group, the amino group, or both groups are 
blocked, has also been demonstrated by Sherwin and his coworkers (7). 

The development of methods for the determination of a-keto acids in 
biological material (3, 8) has made possible a new approach to the problem 
of the metabolism of the sulfur-containing amino acids. If oxidative deami- 
nation of the S-substituted derivatives of cj^eine or homocysteine has 
occurred, and if further oxidation {i.e. of the sulfur) was prevented, the 
a-keto acid might be excreted in the urine and the sulfur of this compound 
would contribute to the urinary organic sulfur. Furthermore, it has been 
demonstrated that in the metabolism of the aromatic S-substituted deriva- 
tives of cysteine and homocysteine,- the amino group may be acetylated and 
the acetylated product (mercapturic acid) may be excreted in the urine 
(9).' The “extra” organic sulfur of the urine in such experiments might 
thus include (1) the sulfur of the compound administered, (2) the sulfur of 
the a-keto acid, and (3) the sulfur of mercapturic acid. 

The purpose of the present study was to investigate the distribution of 
the vninary sulfirr after administration of certain derivatives of cysteine, 
homocysteine, and methionine not previously studied and to correlate the 
oxidation of the sulfur \vith the deamination so far as was possible. The 
experiments have demonstrated that deamination of such compounds as 
S-benzylcysteine and S-benzylhomocj^eine occurs without oxidation of 
the sulfur to sulfate sulfur and that the a-keto acids thus formed are ex- 
creted in the urine. 


EXPERIMENTAL 

The general procedures and analytical methods were those used in pre- 
vious studies of the oxidation of sulfur compounds (6) . Adult male rabbits, 
2 to 3 kilos in weight, Avere kept in metabolism cages and AA'ere fed 75 gm. of 
cabbage and 45 gm. of oats daily. The daily food was consumed com- 
pletely except in a very few instances on the days Avhen the compounds 
Avere fed. 

The compounds, for the most part difficultly soluble in ^Avater, Avere dis- 
solved in a small volume of water Avith the aid of sodium hydroxide, the 
amount of alkali used being slightly in excess of the theoretical, and these 
solutions were administered through a stomach tube. With S-benzylcys- 
teine and S-benzylhomocysteine, it Avas not possible to effect complete 
solution in this way readily and the compounds were fed partly as the so- 
dium salt and partly as the amino acid derivative in suspension. 

Keto acids were estimated by Shacter’s modification* of the method of 
Case (8). The day’s specimen of urine AA^as diluted to 250 to 300 ml. and 
10 ml. of this were further diluted to 50 ml. 5 to 10 ml. of this last diluted 

‘ Witter, R. F., unpublished data. 

* Shacter, B., unpublished data. 
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urine were placed in a separatory funnel (125 ml. capacity) and 1 ml. of the 
2 , 4 -dinitrophenylIiydra 2 ine reagent’ was added. After 15 minutes, the 
solution was attracted TOth 25 ml. of redistilled benzene (3 minutes 
shaldng). 

The aqueous layer was drawn off and the benzene extract was washed 
with 5 ml. of water, which was drawn off and discarded. 20 ml. portions 
of the benzene extract were transferred to a clean separately funnel and 
were extracted three times with 10, 5, and 5 ml. portions of a borate buffer* 
(pH 8.8). Small amounts (2 ml.) of the buffer were added after each ex- 
traction and were drawn off immediately without shaldng in order to wash 
out the stem of the funnel. The extract and washings were combined in a 
25 ml. glass-stopjjered graduate, diluted to 25 ml. with borate buffer, and 
after thorough mixing, 10 ml. aliquots were pipetted into 25 ml. volumetric 
flasks. Alter the addition of 10 ml. of 2 N sodium hydroxide, the contents 
were diluted to 25 ml. with water and thoroughly mixed. After 90 seconds, 
the intensity of the color developed was measured by means of an Evelyn 
photoelectric colorimeter with the use of filter No. 520. The amount of 
keto acid was calculated from the standard value of K obtained by applying 
the same procedure to aqueous solutions of sodium phenylpjTuvate' of 
known concentration. 

It was not possible to secure the keto acid derivatives of all the com- 
pounds studied for use as standards. It was accordingly decided to e.x- 
press all keto acid values in terms of phenylpyruvic acid. The amount 
of sulfur excreted as the keto acid of the derivatives fed was then calculated 
on the assumption that all the extra keto acid excreted was derived from 
the compound fed. 

A series of other a-keto acids* Opyru’ric (sodium salt), o-nitrophenylpyru- 
vic, a-keto^-methylvaleric, a-ketoisocaproic, and a-keto-y-methylthiol- 
butyiic acids) was tested by the procedure outlined. The intensities of the 
colors developed by equimolar solutions of phenylpyruvic acid and the other 
a-keto acids agreed witlun 10 per cent. This is in confirmation of the 
results of Waelsch and Miller (3). 

The dZ-methionine, dZ-N-methyhnethionine, and the dZ-N-benzoyhnethio- 

* 0.2 gm. of 2,4-dimtrophenj'lhydraziDe was dissolved in 70 to SO ml, of 2 N hydro- 
cUoric acid with warming and the solution was diluted with water to 100 ml. 

* A mixture of 8 gm. of borax and 3 ml. of concentrated hydrochloric acid was dis- 
solved in water to make a volume of I liter. 

* An amount of the monohydrate of sodium phenyl pyruvate (0.0622 gm.), which 
was equivalent to 50 mg. of the acid, was dissolved in water and the solution was 
diluted to a titer. 10 ml. of this solution were equivalent to 0.5 mg. of phenylpyruvic 
acid. 

*We are indebted to Dr. R. W. Jackson for the sample of o-nitrophenylpyruvic 
acid, to Dr. Vt. C. Rose for the a-keto-P-methylvaleric and o-fcetoisocaproic acids, 
and to Dr. Vi. Af. Cahill for the a-keto-y-methylthiolbutyric acid. 
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nine were prepared in this laboratory by Dr, J. M. Burckhalter; the dlS- 
benzylcysteine, dZ-S-benzylhomocysteine, and S-carboxymethylcysteine 
were similarly prepared by Dr, F. R. Blood, and S-phenylcysteine by Dr. 
R, F. Witter. Inactive' homocystine was obtained from Dr. S. A. Lough 
of the University of Nevada and ethionine from Dr. Vincent du Vigneaud 
of Cornell University Medical College. The A, E. Staley Manufactur- 
ing Company supplied the Z-methionine. That these compounds were of 
satisfactory purity was demonstrated by analyses for sulfur and nitrogen. 

The results of typical experiments are summarized in Table I. It will be 
noted that in the experiments mth Z-methionine the greater part of the 
extra sulfur of the urine was present in the oxidized (sulfate) form and that 
the excretion of extra keto acid was negligible. The ease of oxidation of 
the sulfur is in agreement with the results previously obtained in this lab- 
oratory with rabbits fed dZ-methionine (6). It is to be noted also that, in 
two other experiments with the animals (Nos. 1 and 3) in which amounts of 
dZ-methionine comparable to those of Table I were fed, the extra keto acid 
excretions were 4 and 8 mg. respectively as compared to 2 and 8 mg. (Table 
I) when Z-methionine was fed. This ready oxidation of dZ-methionine as 
compared with that of the Z isomer was not unexpected since the isomeric el- 
and Z-methionine are reported to be equally well utilized for growth by the 
white rat (11, 12). 

The sulfur of dZ-N-monometbylmethionine appeared also to be readily 
and completely oxidized, the distribution of the extra urinary sulfur being 
similar to that observed previously after the administration of dZ-methio- 
nine (6) and in the present series with Z-methionine (Table I). No signifi- 
cant increases in the excretion of keto acids w'ere observed. Similar results 
were obtained in two other experiments not detailed in Table I. It is usu- 
ally assumed that the N-monomethyl amino acids are oxidatively deami- 
nized and behave similarly in metabolism to the unsubstituted amino 
acids. dZ-N-Monomethylmethionine (13) and N,N'-dimethyl-Z-cystine 
(14) are both effective in the promotion of growdih of rats on a diet deficient 
in sulfur-containing amino acids. In view of these observations, the ready 
oxidation of the sulfur of N-monomethylmethionine was not unexpected. 

It has previously been demonstrated in this laboratory (6) that when the 
a-amino group of methionine is blocked by a benzoyl group, a group not 
readily removed in metabolic activity, the oxidation of the sulfur does not 
occur readily. In two experiments, not presented in Table I, in which 
N-benzoylmethionine was fed, the changes in the keto acid excretion were 
so slight as to be within the error of the experiment. Similarly, in an ex- 
periment with S-carboxymethycysteine, whose sulfur is not oxidized 

’ Homocyatine was prepared by the demethylation of dZ-methionine. It is not 
known whether this is the dl isomer or the meso isomer or a mixture of the two (10). 
For convenience, the compound will be referred to as inactive homocystine. 
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readily when the compound is administered to the rabbit (16), no increases 
in the keto acid excretion were noted. 

TABI.E I 

Eicrrh’on 0 / Ezira Suljur and Extra Keto Acidi in Urine after Oral Administration of 
Derivatives of Cystine and Methionine 

With the exception of ethionine, the amount of each compound fed was the equiva- 
lent of 430 mg. of sulfur (with ethionine, 143 mg. of S) . In the first column the first 
value is the number of the e.xperimental animal and the second the number of the ex- 
periment. In the column headed total sulfur, the values in parentheses represent 
the extra total S excretion expressed as percentage of the amount fed and the values 
in parentheses in the sulfate and organic sulfur columns the percentage distribution 
of the extra total sulfur as extra sulfate and extra organic sulfur. Keto acids are cal- 
culated as phenylpyruvic acid and as sulfur on the assumption that all the extra keto 
acid is derived from the sulfur-containing compound fed. In all the experiments, 
the first horizontal line represents excretions of the first 24 hour period and the second 
those of the entire period following administration of the compounds during which 
extra sulfur was excreted. 


Acisi) 

■idex- 

pcriseat 

Nos. 

Ocipotsid fed 

EiU»S 

Extn keto add 

ToUl 

TotilSO, 

(9) 

Keto 

add 


X 100 



tat. 

nt. 

nr. 


«r* 


1-4 

l-Methionine 

134 (31) 

102 (76) 

32 (24) 

2 

0.4 

1 

3-5 

«C 

302 (47) 

159 (79) 

43 (21) 

8 

1.5 

3.5 



3S7 (90) 

315 (81) 

72 (19) 

12 

2.3 

3 

1-5 

dl-N-Methyl- 

105 (24) 

79 (75) 

26 (25) 

1 

0.2 

<1 


methionine 

267 (62) 

212 (79) 

55 (21) 

1 

0.2 

<1 

3-6 

if ft 

187 (43) 

117 (63) 

70 (37) 

4 

0.7 

1 



402 (93) 

284 (71) 

118 (29) 

7 

1.3 

1 

3-7 

Homocystine 

175 (41) 

93 (53) 

82 (47) 

28 

5.5 

7 



211 (49) 

87 (41) 

124 (59) 

43 

8.5 

7 

5-1 

It 

162 (38) 

86 (53) 

76 (47) 

27 

5.4 

7 



260 (60) 

125 (48) 

135 (52) 

44 

8.6 

6 

3-8 

dl-S-Benzyl- 

91 (21) 

-26 (-29) 

117 (129) 

168 

32.8 

28 


homocysteine 

371 (86) 

54 (15) 

317 (85) 

298 

68.1 

18 

4-1 

(1 «( 

232 (54) 

33 (14) 

199 (86) 

219 

42.8 

21 



278 (65) 

37 (13) 

241 (87) 

221 

43.2 

IS 

6-2 

iitluoniiie 

102 (72) 

7(7) 

95 (93) 

38 

7.4 

8 



165 (115) 

-6 (-4) 

171 (104) 

65 

12.6 

7 

6-3 

dl-S-Benzyl- 

198 (46) 

36 (18) 

162 (82) 

92 

18.0 

11 


cysteine 

332 (77) 

107 (32) 

225 (68) 

105 

20.4 

9 

10-1 

*f tt 

142 (33) 

-1 (-1) 

143 (101) 

76 

14.8 

10 



189 (44) 

19 (10) 

170 (90) 

76 

14.8 

9 


Our results indicate a less ready oxidisation of the sulfur of inactive 
homocystine as evidenced by the excretion of extra urinary sulfate sulfur 
than has been reported previously by du Vigneaud and coworkers (10). 
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This may be explained by the larger amoimt of homoc 3 ^ine fed (1.8 gm. as 
compared with 0.5 gm.). A definite increase in keto acid was obsen^ed, 
which corresponded to approximately 7 per cent of the extra organic sulfur. 
It may be noted that in experiments with tissue slices (liver, kidney) of rats 
(16), no evidence of the deamination of either homocystine or homocysteine 
as shown by the formation of keto acid could be demonstrated. Our experi- 
ments suggest that inactive homocj^ine is less readily metabolized by the 
rabbit than are dZ-methionine and Z-cystine. 

Ethionine, the homologue of methionine which contains an S-ethyl group 
rather than an S-methyl group, will not promote the growth of rats on a 
cystine-deficient diet, a striking example of the specificity in the biological 
reactions of the S-containing amino acids (17). Further evidence of the 
biological inertness of ethionine is afforded by the single but striking experi- 
ment recorded in Table I. 72 per cent of the sulfur of the orally adminis- 
tered ethionine was excreted within 24 hours after its administration but of 
this almost the entire amoimt (93 per cent) appeared as organic sulfur. 
The keto acid excretion was increased, corresponding to about 8 per cent of 
the extra organic sulfur of the urine. It appears that ethionine is not 
readily metabolized, even though some deamination has occurred. The 
behavior of ethionine is in striking contrast to that of another type of 
analogue of methionine, S-methylcysteine. Although the latter cannot 
support the growth of rats in lieu of cystine (10, 18), which is presumed to 
indicate a failure of demethylation, its sulfur is excreted in large part as 
sulfate sulfur after oral administration to rabbits (10). Studies of the 
action of the amino acid oxidases on S-ethylcysteine, a homologue of ethio- 
nine, have shown that both the Z isomer (1) and the dl isomer (2) are 
rapidly oxidized. 

In addition to ethionine, two other S-substituted derivatives of amino 
acids were studied in some detail, S-benzylhomocysteine and S-benzylcys- 
teine. With these compounds in which a non-labile group, the benzyl 
group, is attached to the sulfur, no significant oxidation of the sulfur was 
observed. There were no increases in the oxidized sulfur of the urine be- 
yond the error of the experimental procedure, and the entire increase in 
urinary sulfur was in the organic sulfur fraction. Despite this failure of 
oxidation of the sulfur, considerable deamination occurred, since the 
excretion of keto acids corresponded to 28 and 21 per cent of the extra 
organic sulfur with S-benzylhomocysteine and 11 and 10 per cent with 
S-benzylcysteine. The failiue of oxidation of the sulfur of S-benzylcys- 
teine is in confirmation of experiments in the literature (7, 19) and unpub- 
lished results from this laboratory.* We have also studied the distribution 
of luinary sulfur* and the keto acid excretion after feeding 0.75 gm. of 
S-phenylcysteine to two rabbits. The results were similar to those dis- 
cussed above, t.c. a sharp increase in keto acid excretion and failure of oxida- 
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tion of the sulfur, all of the extra sulfur being present in the organic sulfur 
fraction of the urine. 

It has been demonstrated that the S-benzyl derivatives of cysteine (9, 
20)' and homocysteine (9, 20) are acetylated and are excreted in the urine 
as mercapturic acids. Quantitative studies are lacking; the amounts of 
mercapturic acid isolated, whne undoubtedly minimal, represented a rela- 
tively small proportion of the compoimds administered. The extra orgamc 
sulfur of the urine in our experiments with these derivatives of cysteine and 
homocysteine is undoubtedly derived from at least three sources, the un- 
changed derivative, the acetylated compoimd (mercapturic acid), and the 
deaminized amino acid (or-keto acid). VTe have quantitative data on the 
last of these only. 

Since the anal 3 dical data indicated a very considerable excretion of o-keto 
acids after the administration of dZ-S-benzylcysteine and dZ-S-benzylhomo- 
cysteine, attempts were made to isolate the 2,4-dinitrophenylhydrazine 
derivatives of the keto acids from the urine by a procedure similar to that 
used by Waelsch and Miller (3). 

Although an initial precipitation of the hydrazone was readily obtained, 
it was difficult to secure a clean crystalline material when the crude deriva- 
tives were recrystallized. Success was finally achieved by adsorption on a 
column of alumina (prepared according to Brockmann, hlerck and Com- 
pany). The chromatogram was developed by repeated washings with a 
mixture of ethyl acetate and ethanol (2:1 followed by 1:1). After the 
final washing, a small brownish yellow band and a yellow band were ob- 
tained. These were separated mechanically and both bands were eluted 
■'vith 2 per cent sodium carbonate with gentle heating. After filtration the 
eluate was acidified with dilute hydrochloric acid (1:4) and the flocculent 
precipitate was filtered off. The precipitate was dissolved in ethyl acetate. 
As the solvent evaporated at room temperature, small amoimts of yellow 
needle crystals were obt^ed. 

The hydrazone of the a-keto-y-S-benzylbutyric acid melted at 160-161° 
(corrected) and gave the following results on analysis. 

Calcolated for 

CiiHnKiOtS Fooaa 

ftrant ftrcnt 


Carbon 50.50 50.73, 50. 7S 

Hydrogen S.gg 4.29, 4.28 

Sulfur 7.92 8.04, 7.92 

Nitrogen 13.86 12.48, 12.40 


With the exception of the values for nitrogen, these results compare 
closely with the expected values. The low values for nitrogen may possibly 
be related to analytical difficulties associated with the presence of nitro 
groups. 
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A similar hydrazone obtained from the urines of rabbits fed S-benzylcj-s- 
teine melted at 145.5-147° (corrected), but no microanalyses were made. 

It has been shown that 1-amino acid oxidase (1) readily attacks S-benzyl- 
cysteine but that S-carboxymethylcysteine is oxidized very slowly. The 
N-monomethyl derivative of methionine is also oxidized rapidly. These 
observations with in vitro experiments are supported by the present in vivo 
studies with rabbits. Borek and Waelsch (16), however, in experiments 
with tissue slices were unable to deaminate homocj^eine or homocystine. 
This is difficult to ejqilain, particularly since the N-monomethyl derivative 
of homocysteine has been shown to be readily oxidized by purified l-amino 
acid oxidase. It has also been possible, in the present work, to demonstrate 
a significant increase in the urinary keto acid excretion after feeding homo- 
cystine. 


SUMMARY 

The distribution of extra urinary sulfur and the excretion of a-keto acids 
after the oral administration of methionine and various derivatives and 
homologues of cysteine and methionine to rabbits have been determined. 

When dl- and Z-methionine and dl-N-monomethylmethionine were fed, 
most of the extra sulfin of the urine appeared in the oxidized (sulfate) sulfur 
fraction and there was no appreciable increase in the excretion of a-keto 
acids. This finding is in agreement with the usually accepted hypothesis 
that N-monometbyl derivatives of amino acids imdergo oxidative deamina- 
tion and are readily metabolized. 

When S-benzyl derivatives of homocysteine and cysteine were fed, the 
extra urinary sulfur appeared chiefly in the organic sulfur fraction and there 
was no evidence of oxidation of the suKur. That oxidative deamination 
occurred nevertheless was shown by the significant increase of a-keto acids 
in the urine and by the isolation from the urine of the 2,4-dinitrophenyl- 
hydrazones of the corresponding a-keto acids. The sulfur of inactive 
homocystine was less readily oxidized than the suKur of either dl- or 1-me- 
thionine and significant increases in the urinary excretion of «-keto acids 
were observed after the administration. 

When ethionine was fed, aU the extra sulfur appeared in the organic sul- 
fur fraction of the mine, while there was also a significant rise in the urinary 
a-keto acids. 

These results indicate that oxidative deamination of the sulfur-containing 
amino acids or their derivatives may occur, even though further oxidation 
(i.e., of the sulfur to sulfate) is blocked by the presence of a non-labile 
substituent group (in the present instance, ethyl or benzyl) attached to 
the sulfur. 
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Cytochrome oxidase and succinic dehydrogenase are closely linked, func- 
tionally in the succinoxidase system, and structurally by their attachment 
to the same particles ("macro molecules”) of cells. Only with great diffi- 
cultj' has it been possible to separate either of the enzymes from these par- 
ticles. Stem (1), using ultracentrifugation and electrophoresis in the Tise- 
lius cell, was unable to fractionate the enzymes from the particles obtained 
from beef and pig heart muscle. The first indication that the enzymes 
could be separated was in the work of Hopkins, Lutwak-Mann, and Morgan 
(2), who obtained a fraction uith succinic dehydrogenase activity but no 
cytochrome ojddase acthdtj'. Only recently have the enzymes been ob- 
tEuned in solution free of cellular particles. By controlled autolysis and 
ultrasonic nbration, Haas (3) separated the cjlcchrome oxidase component 
of heart muscle. By treating the mitochondrial granules of guinea pig 
liver uith 0.01 ii NaHCOj, Hogeboom (4) separated the succinic dehy- 
drogenase. 

In xdew of this intimate association in the cell, any difference in the time 
of appearance or in the rate of development of these two enzyme systems 
during embryogeneas would be of interest. The changes in the develop- 
ment of cytochrome omdase in chick embryos have been studied (5, 6), but 
no similar studies have been reported for succinic dehydrogenase. In the 
present work, both cytochrome oxidase and succinoxidase activities were 
followed to determine whether they changed in the same manner. 

EXPERIMENTAL 

Eggs of red rock hybrid hens were incubated at 36-37® for lengths of time 
varying from 25 hours to 21 days. The embryos were removed from the 
J’olk and dissected free from the area opaca in the early stages and from all 
extraembryonic membranes in the later stages. Through the 5th day of 
incubation, the age of each embryo was determined by microscopic exami- 
nation. There was considerable variability among the indi\’idual embryos 
of a given batch of eggs incubated for the same length of time. Those 
which differed too greatly from the e-xpected age were discarded. The re- 
laaining embryos were dropped into 1 ml, of ice-cold distilled water, 
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weighed, diluted to a given volume with water, and homogenized by a mo- 
tor-driven glass homogenizer (7). At the 21st day, when feathers and bone 
made immediate homogenization in this fashion difEcult, the embryos were 
first broken up in the Waring blendor for 2 minutes. The number of 
embryos used for a homogenate was varied to keep the rate of oxygen up- 
take fairly imiform, from forty-four embryos at the earliest stage (25 hours) 
to three embryos in the later stages (after the 7th day). 

The homogenates were assayed manometrically at 37° for both succinoxi- 
dase and cytochrome oxidase activities (8). In the succinoxidase detemu- 
nations, duplicates were run of each of the following three systems: (1) 0.3 
ml. of 0.5 M sodium succinate, pH 7.4; 0.5 ml. of 1.52 X 10^ m cytochrome 
c (isolated from beef heart according to Keilin and Hartree (9) and pre- 
served in lyophilized state) ; 0.3 ml. of 4 X 10“’ m CaCl:; 0.3 ml. of 4 X 10“* 
M AlCb; 0.8 ml. phosphate buffer (0.1 m, pH 7.4); 0.4 ml. of homogenate; 
and enough water to make a total volume of 3.0 ml. (2) is the same as (1), 
except for the addition of 0.3 ml. of 0.01 m sodium azide. (3) is the same as 
(1), except for the absence of cytochi-ome c. In the cytochrome o.xidase de- 
terminations, the following four systems were used: (1) 0.3 ml. of 0.119 M 
ascorbic acid, adjusted with NaOH to pH 7.4; 1.3 ml. of 1.52 X 10“^ w 
cjdochrome c; 1.0 ml. of 0.1 M phosphate buffer, pH 7.4; 0.1 ml. of homoge- 
nate and enough distilled water to make a total volume of 3.2 ml. (in dupli- 
cate). (2) is the same as (1), except for the absence of cytochrome c (in 
duplicate). (3) is the same as (1), except for the addition of 0.3 ml. of 0.01 
M sodium azide. (4) is the same as (1), except for the absence of both 
cytochrome c and homogenate. 

Fig. 1 shows the activities of succinoxidase and cytochrome o.xidase, in 
terms of oxygen consumption per embryo per hour, plotted against the age 
of the embryo. The portion of the curve for the first 6 days of development 
is enlarged in Fig. 2. In all graphs the age through the 4th day represents 
the average age of the embryos as determined morphologically. Under our 
conditions, this age was in most cases 23 hovus less than the incubation time. 
All later ages indicated on the graphs were obtained by subtracting 1 day 
from the incubation time. (In only two batches of eggs were any incubated 
long enough to permit hatching. In both cases hatching occurred on the 
22nd daj’’ of incubation.) In estimating cytochrome oxidase activity, the 
oxygen uptakes have been corrected for ascorbate auto.xidation by sub- 
tracting the values obtained in the absence of cytochrome c. 

Even the youngest embryos tested gave an appreciable o.xygen uptake, 
almost 25 c.mm. per embryo per hour, for cytochrome oxidase. Albaum 
and Worley (5), using fewer embryos, mth a different substrate and at a 
lower temperatiue, were unable to show any enzyme activity until the 4th 
day of incubation. Moog (6), using indophenol blue production in em- 
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bryos treated vrith nadi reagent, reported a positive reaction in embryos 
from 16 through 96 hours. , On the basis of the time elapsing before the 
appearance of a “standard colorization,” hloog concluded, “The enzj-me 
appears to increase in quantity up to the middle of the second day of 
incubation, when it reaches a level that is maintained through the fourth 
day.” Our data indicate an increase of some 900 per cent between the 2nd 
and 4th daj’s. 

The values obtained for cytochrome oxidase activity in the young em- 



Fig. 1. The 'development of the cj'tochrome oxidase (0) and the succinoxidase 
(OhBj-stems in the chick embryo between I and 21 days of incubation. 


bryos (1 to 3 daj’s) may be compared with data for the respiration of intact 
isolated embiyos reported by Philips (10). In all cases the activitj-, in 
terms of c jnm. of 0. per embryo per hour, is high enough to accoimt for the 
total respiration of the intact embryo. Although we obtained oxygen up- 
takes for the succinoxidase sj-stem in all but the j'oungest embryos (25 
hours), the values were low and in no case sufficient to account for the total 
respiration of the embryo. 

To demonstrate the relationship of cytochrome oxidase and succinoxidase 
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activities during development, the ratio of the oxygen uptakes through the 
two systems was calculated. Fig. 3 shows this ratio plotted against the 
age of the embryo. The ratio is liigh to begin with and then drops to a 
level which remains fairly constant from about the 5th to the 21st day. 

Thus, in the chick embryo, both the time of appearance and rate of devel- 
opment of cytochrome oxidase activity and succinoxidase activity are differ- 
ent. Only after the 5th day does the ratio of these activities become con- 
stant. The low succinoxidase activity in the early embryos is to be 



Fig. 2. The development of the cytochrome oxidase (©) and the succinoxidase 
(O) systems in the chick embryo between 1 and 6 days of incubation. 

explained by a low limiting concentration either of succinic dehydrogenase 
or another system which links the succinic dehydrogenase to the cytochrome 
oxidase system. (Stem (1) suggested that a protein which he separated 
from the cellular particles of heart muscle acted as a “coupling link between 
succinic dehydrogenase and the cytochrome-cytochrome oxidase system.” 
Ultracentrifugally purified particles were unable to catalyze the aerobic 
oxidation of succinate, though able to do so for either hydroquinone or 
p-phenylenediamine; in the presence of an H acceptor like methylene blue 
they did, however, catalyze the oxidation of succinate to fumarate.) 
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It appears that, before the 5th daj’, the chick embryo has not developed 
completely the enryme complex attached to the cellular particles. Similar 
independence in the development of cytochrome oxidase and succinoxidase 
has been fovmd in rat liver by Potter.* The ratio of cytochrome oxidase to 
succinoxidase 3 days before birth is 3.7, falls to about 1.5 near birth, and 
rises to about 6.0 some 8 days after birth. 

Azide InhibUion — The inhibition of cytochrome oxidase and succinoxi- 
dase activities by 0.001 ii sodium azide was found to remain fairly constant 
between the 3rd and 21st dal’s of development. But, despite the fact that 
cytochrome oxidase, for which azide is considered a speciSc inhibitor, is 



Fig. 3. The relationship in the development of cytochrome oxidase to succin- 
oxidase activity in the chick embryo between 1 and 21 days of incubation. 

operating in both systems, there is a striking difference in level of inhibition 
of the two systems, 68 =h 3.8 per cent* inhibition for cj-tochrome oxidase 
and 25 ± 6.1 per cent* inhibition for succinoxidase. 

Commoner (11) observed that the per cent inhibition of yeast respiration 
by cyaidde was smaller at lower substrate concentrations. If we consider 
that the reduced cytochrome c is the substrate for cytochrome oxidase, we 
may have a comparable situation here. In the cytochrome oxidase system, 
the excess ascorbate maintains the level of reduced cytochrome c,. so that 
the per cent inhibition is high. But in the succinoxidase system, if the 

' Potter, V. R., private communication. 

*s.D. VseP/n. 
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succinic dehydrogenase is the limiting factor and is present in relatively low 
concentrations, the quantity of reduced cytochrome c available to the cyto- 
chrome oxidase would be lower than in the cytochrome oxidase system. 
There consequentl}'^ would be a reduced per cent inhibition. 

The azide inhibition of cytochrome oxidase activity in embryos less than 
3 days old was found to be lower. In these young embr3'os the “autoxida- 
tion” of ascorbate represents a large fraction of the observed oxygen uptake. 
The precision of our manometric technique and the questionable validity 
of ascorbate “autoxidation” blanks in the presence and absence of azide do 
not warrant our considering these early low results to represent a trend. 

SUMMARY 

1. The cytochrome oxidase and succinoxidase activities of chick em- 
bryos, ranging in age from 25 hours to 21 days, were measured manometric- 
aUy. 

2. Both the time of appearance and the rate of development of cyto- 
chrome oxidase activity and succinoxidase activity are different. The 
ratio of cytochrome oxidase activity to succinoxidase activity is high to 
begin with and then drops to a level which remains fairly constant from the 
5th to the 21st day of development. 

3. The azide inhibition of the two systems is fairly constant between the 
3rd and 21st days of development. The difference in level of inhibition 
(68 ± 3.8 per cent for the cytochrome oxidase and 25 dt 6.1 per cent for 
the Succinoxidase) is interpreted in terms of a substrate effect. 
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THE OXIDATION OF HIGHER FATTY ACIDS IN HEART MINGLE 

SI^PENSIONS* 
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(Received (or publication. May 29, 1946) 

It is noiv well knoivn that the liver is capable of oxidizing higher fatty 
acids with the formation of the ketone bodies. Since the Ih'er has onlj' a 
limited ability to metabolize the ketones, these substances diffuse into the 
blood stream and are carried to the peripheral tissues, which are capable of 
the complete oxidation of the ketones to carbon dioxide and water. This 
two-stage mechanism of fatty acid oxidation may account for the metabo- 
lism of a considerable portion of the fatty acids undergoing oxidative deg- 
radation in the organism. Stadie, however, has emphasized in his recent 
review (1) that this two-stage mechanism cannot account quantitatively 
for the total fat imdergoing oxidation in tber fasting or diabetic animal. 
This fact has been well established by a number of investigators (quoted 
in Stadie’s review) and it implies that the liver is not the sole site of the 
direct oadation of fatty acids. It would appear, then, that extrahepatic 
tissues are capable of the direct oxidation of fatty acids as well as the 
oxidation of the ketone bodies. However, this concluaon has not gained 
wide-spread acceptance because of a long standing controversj' over the 
question of the direct oxidation of fatty acids by muscle (cf. Gemmill (2)). 

Recently the author described the experimental conditions necessary to 
demonstrate the oxidation of higher fatty acids by liver homogenates 
and washed suspensions of liver (3, 4). Fatty acid oxidation requires 
the presence of adenosine triphosphate (ATP), which may be added to the 
system as such or which may be generated in situ by oxidative phosphoryl- 
ation of adenylic acid during the simultaneous oxidation of fumarate. 
Fatty acid oxidation in the liver preparations may also be coupled speci- 
fically to the oxidation of a-ketoglutarate to succinate (4). More recently 
the author has shown that fatty acid oxidation in washed liver prepsira- 
tions results in the quantitative formation of acetoacetate (I'.e. for each 
mole of octanoate undergoing omdation 2 moles of acetoacetate are formed) . 
It was also found that fragments formed from the fatty acid during oxida- 
tion can combine with oxalacetate to form titrate, thus implicating the 
Krebs tricarboxylic atid cycle in the over-all process of fatty acid oxida- 
tion (5, 6). Although the details of these reaction mechanisms are not yet 

* This investigation was supported by a grant from the Albert and Mary Lasher 
Foundation, Inc., and the Sidney and Frances Brody Foundation. 
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known in terms of specific enzymes and intermediates, the information at 
liand concerning the conditions of enzymatic fatty acid oxidation in liver 
preparations has presented the opportunity of surveying various extra- 
hepatic tissues for their abilitj' to oxidize higher fatty acids. 

This report describes the results of a stud}' of the oxidation of higher 
fatty acids by rat heart muscle suspensions. These preparations are ca- 
pable of the oxidation of fatty acids under conditions resembling those 
required to demonstrate this process in liver suspensions, Acetoacetate 
does not accumulate during fatty acid oxidation in heart muscle suspensions. 
However, acetoacetate is vigorously o.xidized by these preparations. 
Both fatty acid and acetoacetate oxidation result in the accumulation of 
succinate lyhen succinic dehydrogenase is inhibited by malonate. The 
accumulation of succinate is of such a magnitude that it suggests that the 
I&ebs cycle is the major pathway of oxidation of fragments derived from 
both fatty acids and acetoacetate. 

Rat heart muscle therefore possesses the enz}Tnatic equipment for the 
direct oxidation of fatty acids. 

EXPBRIMBNTAD 

The preparation or source of the various substrates or intermediates 
used has been listed in previous publications of the author (3, 4, 6). 

The rat heart suspensions were prepared as follows: Hearts were quickly 
removed from adult rats sacrificed by decapitation, chilled on cracked ice, 
and quickly minced with scissors. The tissue w'as then homogenized (7) 
in ice-cold buffer, the composition of which has been described (4). For 
each heart, 3 ml. of buffer w'ere used. The homogenizer pestle and tube 
were chilled in cracked ice before use. The homogenization was carried 
on for about 2 to 3 minutes in a rather loose fitting tube at high speed. 
The homogenate was filtered into a chilled test-tube through two layers 
of gauze, a considerable residue of stroma being left behind. The homog- 
enate was immediately pipetted into the previously prepared Warburg 
vessels. 

All components of the medium were present in the main compartment of 
the Warburg vessel before addition of homogenate. The vessels w'ere 
equilibrated at low bath temperatures (25-28°) for 5 minutes and the taps 
were then closed. Oxygen consumption data were extrapolated back to 
the time of addition of the homogenate, allowing one-half maximum 
activity for the initial equilibration period. 

Acetoacetate, citrate, and the sum of a-keto^utarate plus succinate 
were determined as described in a previous paper (6). Fatty acids or 
acetoacetate did not pve rise to more than traces of succinate as a result of 
acid pe rman ganate treatment in the latter determination. 
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The amounts of oxygen, substrates, etc., are expressed in terms of cjnm. 
of ideal gas, 22.4 cunm. being equal to 1.0 micromole. 

Requirements for Demonstration of Fatty Acid Oxidation in Heart Muscie 
Homogenates — Fatty acid oxidation in liver preparations requires either 

(0) ATP; (6) the oxidative metabolism of intermediates of the Erebs 
tricarboxj’lic acid cycle in the presence of adenine nucleotide; or (c) the 
specific oxidative reaction 

(1) ei-Ketoglularate + JOi — ♦ succinate + CO- + HjO 

with or without added adenine nucleotide (4). Although (6) and (c) are 
known to cause oxidative phosphorylation of adenine nucleotides to ATP, 
there is an indication that the formation of ATP does not necessarily 
accoimt for the activation of fatty acid oxidation) by reaction (c) (4). 

The ability of heart muscle homogenate to cause extra oxygen uptake 
in the presence of octanoate was therefore measured under the three 
different conditions outlined above. The reaction media resembled those 
found adequate for the liver sj'stem. They contained magnesium sulfate, 
sodium malonate, phosphate buffer, and in some cases C3’tochrome c. 

In Table I are shown the results of these experiments. It can be seen 
that the addition of ATP alone failed to activate octanoate oxidation. 
Likenise, a-ketoglutarate plus ATP faffed to jdeld extra oxygen uptake in 
the presence of fatt3’ acid. However, when octanoate, laurate, or palmi- 
tate was added to a heart muscle suspension o.xidizing fumarate in the 
presence of ATP a considerable extra 0X3'gen uptake ensued. There was 
no ox3'gen uptake when the 0023^16 suspension was omitted from the 
reaction medium. Fumarate oxidation in the absence of ATP did not 
activate fatt3' acid oxidation. M3'oaden3'Iic acid could be substituted 
for ATP. Oxalacetate was not an effective substitute for fumarate. 
Therefore, fumarate oxidation in the presence of adenine nucleotide is a 
necessary factor in the demonstration of fatty acid oxidation in heart 
muscle homogenates. 

"When malonate was omitted from the reaction medium, ATP alone gave 
an extra Oj uptake in the presence of octanoate. Since malonate inhibits 
the endogenous respiration of the susjjension greatty (60 to 80 per cent), it 
is probable that the positive effect noted with ATP alone in the absence 
of malonate is actuall3' due to fumarate oxidation, the source of fumarate 
being metabolites present in the heart muscle suspension itself. That this 
explanation is probabl3' correct is indicated b3' Experiment 4 in Table III. 
In that experiment succinate accumulated when the endogenous respira- 
tion was inhibited b3' malonate, which inhibits succinic deh3’drogenase. 
Since succinate omdation normally leads to fmnarate, it is therefore 
probable that the poative effect given by ATP alone in the absence of 
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malonate was due to fumarate oxidation. The use of malonate to inhibit 
the considerable endogenous oxygen uptake of the suspension allowed a 
closer study of the factors affecting fatty acid oxidation. In addition, 

Table I 

Requirements for Fatty Acid Oxidation in Heart Muscle Homogenates 
The Warburgvessels contained 1.0 ml. of homogenate, 0.20 ml. of MgSO< (0.005 m),* 
0.20 ml. of sodium malonate (0.01 m), 0.20 ml. of sodium adenosine triphosphate 
(0.0011 m), 0.05 ml, of phosphate buffer, pH 7.4 (0.007 m), 0.05 ml. of cytochrome c 
(1 X 10“* jr), 0.10 ml. of HjO or oetanoate (0.001 m) orlaurate (0.001 m) orpalmitate 
(0.0005 m) and additions, as indicated below, of 0.20 ml. of HjO or o-ketoglutarate 
(0.002 m) or fumarate (0.005 at) or oxalacetate (0.005 m). When components were 
omitted, H-O was substituted. Total volume 2.00 ml.; alkali in center well; tem- 
perature 25°; time 2 hours. 


Experiment 

No. 

Substrate 

Additions 

Oi uptile 

1 

None 

None 

c.nm. 

50 


Oetanoate 


46 

2 

None 

or-Ketoglutarate 

lOO 


Oetanoate 

(( 

105 

3 

None 

Fumarate 

330 


Oetanoate 


622 


Laurate 

<< 

480 

1 

Palmitate 

(( 

442 

4 

None 

" (adenosine triphosphate omit- 

112 


1 

Oetanoate i 

ted) 

Fumarate (adenosine triphosphate omit- 

96 

5 

None 

ted) 

Fumarate (myoadenylic acid substituted 

375 


Oetanoate 

for adenosine triphosphate) 

501 

6 

None 

Oxalacetate 

211 


Oetanoate 

II 

247 

7 

None 

Fumarate (enzyme omitted) 

-1 


Oetanoate 

U 11 (1 

0 

8 

None 

None (malonate omitted) 

170 


Oetanoate 

II M ,, 

312 


* The figures in parentheses indicate the concentration of the component in the 
complete reaction medium. This notation is used in all tables in this paper. 


malonate served the purpose of causing succinate accumulation in those 
experiments in which this end tvas desired for analytical purposes. 

IHien the oxygen uptakes of the fumarate-supplemented S 3 'stem are 
plotted against time (see Fig. 1), it can be seen that there is very little 
extra o.xygen uptake in the presence of oetanoate for some 20 minutes 
after addition of the homogenate to the reaction medium. However, at 2 
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of fatty acid appeared. Inspection of Table II reveals that there is an 
upper linut on the rate of oxygen uptake by the heart muscle homogenate 
for the fiist 20 minute period. When fumarate concentrations of 0.01 u 
and above were used in several preparations, no e.\tra oxj'gen uptake ap- 
peared over the 2 hour incubation period. 

This factor, which may possibly be a matter of competition for hydrogen 
acceptors, is of itself perhaps not worthy of special note but assumed 
considerable practical importance in the experiments described here. For 
instance, when rat heart muscle suspensions were first examined for their 
ability to oxidize fatty acids, high concentrations of fumarate and short 
reaction periods were used. Under these conditions extra oxygen uptake in 

Table II 

Effect of Fumarate Concentration on Extra Oxygen Uptake with Fatty 'Acid 

The Warburg veaaela contained 1.0 ml. of homogenate, 0.20 ml. of MgSOi (0.005 
m), 0.20 ml. of malonate (0.01 m), 0.20 ml. of adenosine triphosphate (0.0012 u), 0.10 
ml. of cytochrome c (1 X 10“‘ m) in phosphate buffer (0.005 m), 0.10 ml. of HiO or 
octanoate (0.001 m), and 0.20 ml. of fumarate in concentrations listed below. Total 
volume 2.0 ml.; temperature 25®. 


Experiment No. 

Octanoate 

Fumarate concentration 

Oxygen uptake 

20 min. 

120 min. 



if 

CMjn, 

c,mm. 

1 

— 

0.001 

70 

100 

• 

-f- 

0.001 

130 

142 

2 

— 

0.002 

108 

176 


+ 

0.002 

160 

261 

3 

— 

0.005 

143 

330 


+ 

0.005 

167 

490 

4 

— 

0.010 

162 

523 


-t- 

0.010 

162 

568 


the presence of fatty acid did not appear and it was at first concluded that 
the suspensions were not able to oxidize fatty acids. This factor was also 
of practical importance in the experiments described in the following 
section in which it was desired to have the maximum extra o.xygen uptake 
in the presence of fatty acid to allow a quantitative study of the reaction 
products. Although extra oxygen uptake in the presence of fatty acid 
was readily obtained in some degree in different preparations, it was 
usually relatively small compared to the oxygen uptake in the presence 
of fumarate alone. For this reason it was desirable to select for analysis 
and presentation in Table III only those experiments in wliich the extra 
oxygen uptake in the presence of fatty acid was equal to or at least of the 
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same order of magnitude as tiie uptake in the presence of fumarate alone 
to insure maximum agnificance in the analytical differences. 

Great difficulty was experienced in preparing solutions of fatty acids 
containing 16 to 18 carbon atoms which would yield reproducible rates of 
oxidation by these preparations. This difficulty has been noted in previ- 
ous work with the Kver enzyme (3, 4) and again emphasizes one of the 
greatest problems in the study of fatty add metabolism in vitro-, namely, 
the production and maintenance of the proper colloidal conffitions of the 
substrates and enzymes involved. The oxygen uptake of the heart muscle 
suspensions was greatly inhibited by high concentrations of fatty acids, 
resembling the liver system in this respect (4). 

Products of Fatly Acid Oxidation in Heart Muscle Homogenates — ^In the 
washed liver suspension studied previously the absence of endogenous 
metabolic events permitted a quantitative study of the products of fatty 
acid oxidation (6). In the absence of the 4-carbon dicarboxj’lic acids, 
octanoate was oxidized completely to acetoacetate, according to the 
equation 

(2) C,H,.COOH + 30» — 2CH,COCHiCOOH + 2H,0 

The liver preparation was unable to oxidize acetoacetate. In the presence 
of oxalacetate or its precursors, less acetoacetate was formed from octano- 
ate but extra citrate, a-ketoglutarate, and succinate accumulated. The 
four products accounted for at least 90 per cent of the amount of fatty acid 
undergoing oxidation. These studies indicated that in the liver prepara- 
tion fatty acid oxidation proceeds either quantitatively to acetoacetate or 
in the presence of oxalacetate partly to acetoacetate and partly through 
the Krebs cycle, depending on the supply of oxalacetate. 

With this evidence on the liver system at hand, a study was made of the 
products of fatty add ojddation in heart muscle homogenates. It is well 
known that most extrahepatic tissues utilize acetoacetate at a high rate 
and it was therefore expected that the heart muscle homogenates would 
show little or no acetoacetate accumulation during fatty acid oxidation 
(if acetoacetate actually is formed). Since the Krebs cycle has been 
implicated in acetoacetate oxidation in certain extrahepatic tissues (8) 
and in fatty acid oxidation in the liver (5, 6), it appeared lo^cal to look 
for those intermediates of the Krebs cycle which are e.xpected to accumu- 
late before the point of malonate inhibition (succinic dehydrogenase) 
during fatty acid oxidation in the heart muscle suspension. 

In Table III are shown analytical data on oxygen uptake and the forma- 
tion of acetoacetate, citrate, and a-ketoglutarate plus succinate in prepara- 
tions of heart muscle acting on fatty acids in the presence of malonate 
under a variety of experimental conditions. In the absence of fumarate 
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no extra accumulation of intermediates occurred with fatty acids. With 
simultaneous fumaratc oxidation, however, fatty acids showed extra oxy- 
gen uptake, negligible accumulation of acetoacetate or citrate, but a con- 
siderable extra accumulation of a-ketoglutarate plus succinate. There 
was no formation of succinate when octanoate and fumarate were incubated 
with the malonate-inhibited suspension anaerobically. The oxidation of 
fumarate alone yielded succinate, as was expected, since heart muscle is 
capable of catalyzing the reactions of the ICrebs tricarboxylic acid cycle 

Table III 

Products of Fatly Acid Oxidation in Heart Muscle Homogenates 
The Warburg vessels contained 3.0 ml. of homogenate, 0.60 ml. of MgSO, (0.005 
m), 0.60 ml. of malonate (0.01 m), 0.60 ml. of sodium adenosine triphosphate (0.0012 
m), 0.20 ml. of phosphate buffer (0.005 m), 0.20 ml. of cytochrome c (1 X 10"® it), 0.40 
ml. of HiO or a-ketoglutarate (0.002 ii) or fumarate (0.005 it), and 0.40 ml. of H,0 
or octanoate (0.001 m) or laurate (0.0008 m). Total volume 6.0 ml.; temperature 28°; 
time 90 minutes for Experiments 1, 2, and 3, 158 minutes for Experiment 4. 


Experi- 

tacQt 

No. 

Substrate 

a*Kcto- 

gluta- 

rate 

Fuma- 

rate 

0« uptale 

Accio- 

acetate 

formed 

CUrate 

formed 

a-Kcto- 
' glutarate 

i* 

succinate 

fonned 





c.mrt. 

f.mm. 

c.mn. 

c.mm. 

1 

None 

— 

— 

164 

16 

9 

82 


Octanoate 

— 

— 

152 

14 

4 

80 

2 

None 

+ 

— 

262 

17 

7 

260 


Octanoate 

+ 

— 

292 

21 

G 

279 

3 

None 



634 

24 

21 

292 


Octanoate 


+ 

1156 

20 

20 

512 


Laurate 


+ 

1202 

24 

16 

540 


Octanoate (anaerobic)* 


-1- 




31 

4 

None 



260 



128 


II 


-f 

1160 

20 


496 


Octanoate 

H 

+ 

1860 

22 


910 


* In this experiment the gas phase was nitrogen and the substrates were added 
from the aide arm after equilibration. 


(9). When fatty acids were also present, the succinate accumulation was 
nearly double the values obtained with fumarate alone. This extra ac- 
cumulation of succinate in the presence of fatty’’ acid indicates that frag- 
ments formed during the oxidation of fatty acid were converted into suc- 
cinate. In view of previous work of the author on the mechanism of citrate 
and succinate formation from fatty acids in malonate-inhibited liver sus- 
pensions (6), the formation of extra succinate from fatty acid in this situa- 
tion therefore may have resulted from condensation of a 2-carbon frag- 
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meat arising from the fatty add -with a molecule of oxalacetate (derived 
from fumarate) to form tricarboxj'lie acid. The mechanism of formation 
of succinate from cis-aconitate, isocitrate, and citrate is of course well 
known (10, 11). The failure of dtrate to accumulate is not surprising, 
ance the preparation was capable of oxididng both dtrate and cts-aconi- 
tate at a high rate, as was determined by direct trial. The further oxida- 
tion of the succinate formed (which in these experiments was prevented 
by malonate) would regenerate a molecule of oxalacetate, which could 
then reengage in the cycle by condensation with another 2-catbon frag- 
ment arising during fatty add oxidation. 

This interpretation of the mechanism is illustrated more strikingly by 
the following analysis of the data on Experiment 4, Table III. 

In Experiment 4, Table HI, the amount of ox>’gen required to bring 
the reaction 

(3) • 2 fumarate + 2iO, succinate + 4COi + HjO 

to completion is 840 c.mm. The amount of succinate formed according to 
this equation (assuming that succinic dehydrogenase is completdy in- 
hibited by the malonate present) is 336 c.mm. At 158 minutes (when the 
rate of o.vygen uptake in the presence of fumarate had dropped to the rate 
in the flask without fumarate) the oxygen uptake in the presence of fuma- 
rate was 1160 cmm. The endogenoxis uptsie (without fumarate) was 260 
cnun. The oxygen uptake for fumarate alone therefore was 1160 — 
260 = 900 c.mm., or reasonably close to that expected, 840 c.mm., for the 
complete o.xidation according to equation (3). The succinate actually 
formed was 496 c.mm. The endogenous formation of succinate was 128 
cjnm. The succinate formed from added fumarate was therefore 496 — 
128 = 368 cJnm., agreeing dosely with that expected (336 c.mm.) on the 
basis of equation (3). The analytical data are therefore in agreement with 
the concluaon that fmnarate was oxidized to succinate completdy in 
158 minutes, according to equation (3). 

Equation (3) may be explained by assuming that 2 moles of fumarate 
are oxidized to 2 of oxalacetate, 1 of which decomposes to form pyruvate. 
1 mole of pyruvate then reacts with 1 of oxalacetate to produce 1 mole of 
tricarboxylic acid and ultimately 1 mole of succinate. Now, if there 
should be another source of short chain fragments capable of reacting with 
oxalacefate to produce tricarboxylic add, potentially 2 moles of succinate 
could be formed from 2 of fumarate instead of only 1. Therefore, any 
mcrease in yield of succinate in the presence of fatty acid indicates another 
source of reactive fragment, i.e. the fatty acid. In Experiment 4, 910 — 
496 or 414 c.mm. of extra succinate appeared, somewhat more than the 
336 cjnm. of extra succinate possible according to this interpretation. 
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It is probable that the endogenous respiration also furnished some oxalace- 
tate for extra succinate formation from fatty acid to account for this figure. 
In view of the considerations outlined, the extra succinate formed must 
have been derived from fatty acid. 

If each mole of extra succinate appeared by condensation of 1 mole of 
2-carbon fragment derived from fatty acid with 1 mole of oxalacetate, then 
414 c.mm. of 2-carbon fragments engaged in this process. This amount of 
2-carbon fragments is equivalent to 414/4 or 103 c.mm. of octanoate. 
At the be^nning of the reaction 134.4 c.mm. of octanoate were present. 
The extra succinate formed therefore could account for the carbon of 
103/134 X 100 or 77 per cent of the fatty acid originally added. 

The oxidation of 134.4 c.mm. of octanoate (the amount ori^nally present) 
to 4 moles of acetate (or some reactive fragment having the same oxidation 
level as acetate) requires 403 c.mm. of oxygen, according to the equation 

(4) C,H„COOH -1- 30, -+ 4CH,COOH 

The conversion of this amount of acetate into succinate (assuming conden- 
sation with oxalacetate to cfs-aconitate and oxidation of m-aconitate to 
succinate) requires 538 c.mm. of oxygen. The total oxygen required to 
convert the octanoate originally present into succinate is therefore 403 -1- 
538 = 941 c.mm. of O 2 . Since the yield of succinate accounted for 77 per 
cent of the octanoate originally present, the extra oxygen taken up, ac- 
cording to this interpretation, would be expected to be 0.77 X 941 = 725 
c.mm. The extra oxygen uptake actually found was 1860 — 1160 = 700 
c.mm. It must be concluded that the fatty acid which underwent oxida- 
tion was quantitatively converted into succinate, both oxygen uptake and 
succinate accumulation data agreeing with this conclusion. 

It would be desirable to have analytical data on the disappearance of 
fatty acid in this experiment to complete a carbon balance sheet. The 
determination of octanoate by steam distillation and titration in the 
amounts used in these experiments (the equivalent of 0.60 ml. of O.OlNNaOH 
per Warburg vessel) has not been very successful in the author’s hands. 
For instance, when 10 micromoles of octanoate were added to a heart 
muscle suspension, followed by immediate acidification wth phosphoric 
acid, the recovery of octanoic acid mth constant volume distillation 
never exceeded 8.0 micromoles. This difficulty, combined with the need 
for relatively large aliquots of the reaction media for the succinate deter- 
minations, as well as the necessity for selecting for analysis only those 
experiments in which the extra oxygen uptake in the presence of octanoate 
was relatively great compared to that in the presence of fumarate alone 
(due to considerations already outlined), precluded a complete carbor 
balance experiment on the same enzyme suspenaon. However, in a single 
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large scale oxidation in which a suspension prepared from seven rat hearts 
was allowed to act on 24 micromoles of octanoate in an experiment re- 
sembling that under discussion above, some 60 per cent of the fatty add 
disappeared. This figure was corrected for a negative analytical error 
of 20 per cent. 

Aceioacelale and Acetale Oxidation in Heart Muscle Suspensions — ^The 
data in Table III show that acetoacetate does not accumulate as a product 
of fatty acid oxidation in heart muscle suspensions. Previous work in- 
dicated that fatty add was quantitatively oxidized to acetoacetate in 
washed liver suspensions. Intact liver has only a limited ability to oxidize 
acetoacetate; e.xtrahepatic tissues such as the heart (12) can oxidize aceto- 
acetate at a high rate. It is possible therefore that acetoacetate was 

Table IV 

Formation of a-KeioglutaraU Plus Succinate from Acetoacetate in Heart ilusde 

Homogenate 

The Warburg veasela contained 3.0 ml. of homogenate, 0.6 ml. of MgSO, (0X05 
b), 0.60 ml. of malonatc (0.01 it), 0.60 ml. of aodium adenosine triphosphate 
(0.0009 m), 0.30 ml. of phosphate buffer, pH 7.4 (0.007 it), 0.30 ml. of cytochrome 
e (5 X 10“‘u), 0.20 ml. of fumarate (0.0025 it), and 0.40 ml. of H,0 or sodium acetate 
(0.001 u) or sodium acetoacetate (0.002 m). Total volume 6.0 ml.; temperature 
25*; time 70 minutes. 


Sabstnte 

OiapUke 

1 Qua^e b 

iCClUXUtXtt 

Forsurka cf 

sccfir.au 


e.nn. 

(Jim, 

cjmwt. 

None 

421 

+4 

192 

Acetate 

502 

-48 

198 

Acetoacetate (269 c.mm.) 

883 

-78 

323 


the primary product of oxidation of octanoate in the experiments recorded 
in Table III, but that it was oxidized further (via the Krebs cycle) at a rate 
at least as great as its rate of formation from octanoate. The rate of aceto- 
acetate oxidation by the heart muscle preparation was therefore deter- 
nuned. Since acetate (or some labile, reactive metabolite to which it may 
be converted enzymatically) has been implicated in acetoacetate metabo- 
lism recently (8, 13, 14) the rate of oxidation of acetate was also measured. 
Fumarate was added in all experiments. Oxygen consumption, aceto- 
acetate formation or destruction, and succinate formation were measured. 
All conditions were comparable to those of Table HI, with the exception that 
the incubation period was shorter and the fiurmrate concentration lower. 

It can be seen from the typical data in Table IV that acetoacetate gives 
a considerable extra oxygen uptake. At the same time there were a dis- 
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appearance of acetoacetate and formation of extra succinate in such, 
amounts as to account nearly quantitatively for the acetoacetate which 
disappeared. 

Acetate formed only traces of acetoacetate and succinate. Acetate was 
therefore probably not an intermediate in the o.xidation of acetoacetate. 

It is evident from consideration of these data that acetoacetate could 
conceivably liave been a primary product of fatty acid o.xiciation in the 
experiments of Table III, since the rate of o.>ddationand the rate of succinate 
formation appear to be of the same magnitude as the rate required by the 
kinetics of fatty acid oxidation. Under these conditions no acetoacetate 
would be expected to accumulate if it were an intermediate in fatty acid 
oxidation. 


DISCUSSION 

The evidence presented in this paper shows that an extrahepatic tissue, 
rat heart muscle, possesses the enzymatic equipment not only for the oxida- 
tion of acetoacetate but also for the direct oxidation of fatty acids. This 
evidence does not, of course, indicate under what conditions fatty acids 
are oxidized by heart muscle in vivo. 

The fatty acid oxidation by heart muscle resembles that in liver sus- 
pensions in that it requires adenine nucleotide and causes succinate accumu- 
lation in the presence of malonate, when fumarate is oxidized simultane- 
ously. There are se^•eraI points of difference. In the liver suspension, 
ATP causes fatty acid oxidation by itself, leading to acetoacetate forma- 
tion. This does not appear to occur in the heart muscle preparation. 
The oxidation of «-ketogIutarate to succinate is capable of causing the 
oxidation of fatty^ acids in liver, but is incapable of activating fatty acid 
o.xidation in the heart muscle suspension. 

The requirement of fumarate in activating fatty acid o.xidation in the 
heart muscle suspensions appears to be specific; in several experiments 
oxalacetate did not produce the same effect. Previous work (4, 6) on the 
liver enzyme system has indicated two separate factors in the need for 
fumarate: (o) the generation of liigh energy phosphate bonds (hut not 
necessarily those of ATP) during fumarate oxidation which are capable of 
“activating” the fatty acid oxidation and (h) the formation of oxalacetate 
for condensation with a fragment released from the fatty acid after oxida- 
tion to form tricarboxylic acid. 

There is as yet not enough information at hand to speculate further on 
the nature of the activation of fatty acid o.xidation, on the details of the 
oxidation mechanism, and on the mechanism of the integration -with the 
ICrebs tricarboxjdic acid cymle. Indeed, although the over-all mechanism 
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of the Krebs cycle appears well established, little is known concerning the 
reaction by which tricarboxj’lic acid is formed; i.e., the over-all reaction 

(S) Pyruvate + 4-C dicarbo.xj'lic acid — » tricarboxylic add 

As Krebs has pointed out in his recent review (15), it is possible that 
pyruvate is first oxidized to a 2-carbon fragment, which then might react 
with oxalacetate to form a 6-carbon tricarboxylic acid directly. The 
possible participation of phosphorjdated intermediates in the condensation 
reaction cannot be overlooked. Since this condensation reaction appears 
to be the connecting link between fatty acid or acetoacetate oxidation and 
the Krebs cycle in view of recent work by several groups of investigators, 
study of this reaction should be particularly fruitful in the future. 

lihebs and Eggleston have taken e.xception to the possible rdle of the 
tricarboxylic acid cycle in acetoacetate metabolism (16, 17). They point 
out that the effect of oxalacetate in accelerating acetoacetate disappearance 
and in the formation of extra citrate noted by Breusch (12) and Wieland 
and Rosenthal (18) can be explained fay postulating the occurrence of a 
series of known oxidation reductions which lead to the reduction of acetoace- 
tate to d-hydroxybutyrate (accounting for acetoacetate disappearance) 
and the formation of extra citrate by reactions consequent to the reduction 
of acetoacetate. By following the variation in concentration of some 
fifteen intermediates concerned in these dismutations after incubation of 
oxalacetate and acetoacetate anaerolnadly with sheep heart muscle sus- 
pensions, they have concluded that all of the acetoacetate which disappeared 
could be recovered as ^hydroxybutyrate and that the e.xtra citrate which 
appeared was not derived from the acetoacetate molecule. However, 
Buchanan et al. (8) have decisively proved that acetoacetate enters into the 
formation of members of the tricarbo.xylic acid cycle under aerobic con- 
ditions, since isotope (C“) of labeled acetoacetate was incorporated into 
a-ketoglutarate, succinate, and fumarate in kidney homogenates aerobi- 
cally in such amounts as to demonstrate a major pathwa 3 ’ for the oxidative 
degradation of acetoacetate (and acetate). The author has also presented 
data on citrate formation from fatty acids in liver suspensions (6) which 
cannot be explained on the basis which Krebs and Eggleston have proposed, 
smee in this situation acetoacetate does not disappear in the presence of 
o.xalacetate and no extra citrate is formed. A precursor of acetoacetate 
appears to be involved in citrate formation in this case. 

There are indications that the work of Krebs and E^eston is not neces- 
sarily inconsistent with the findings of Buchanan et al. Krebs and Eggles- 
ton point out that malonate inhibits acetoacetate removal very strongly 
under aerobic conditions, whereas it has no effect anaerobically. It is 
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probable that the anaerobic experiments of ICrebs and Eggleston do not 
deal wth the same system which caused the effects noted by Buchanan 
et al. The forthcoming report by ICrebs and Eggleston on the aerohk 
metabolism of acetoacetate will therefore be awaited with great interest. 

Several other extrahepatic tissues of the rat have been exanuned for their 
ability to oxidize higher fatty acids under conditions resembling those out- 
lined in this paper. Eiidney and skeletal muscle preparations have also 
given indications of ability to o.vidize fatty acids, although it was found that 
the conditions of. homogenization were very critical in obtaining active 
preparations. In view of such difficulties and the factors already outlined 
in this paper, it does not appear profitable at this time to extend work on the 
extrahepatic tissues until some of the individual enzymes and intermediates 
concerned in fatty acid oxidation have been identified, for which purpose 
the liver system appears best adapted. It is evident that the reactions 
described are complex and highly organized, and for this reason it is not yet 
possible to assay different tissues for their ability to oxidize fatty acids on 
a quantitative basis. 


SUMMARY 

Eat heart muscle suspensions are capable of the o.xidation of higher satu- 
rated fatty acids, a reaction which requires the presence of adenine nucleo- 
tide and simultaneous fumarate oxidation. Extra succinic acid accumulates 
as the end-product of fatty acid oxidation in these preparations when suc- 
cinic dehydrogenase is inhibited by malonate. Analytical data show that 
the extra succinate which accumulates accounts quantitatively for the fatty 
acid oxidized if it is assumed that 2-carbon fragments from the fatty acid 
combine with oxalacetate to form tricarboxylic acid and ultimately succi- 
nate. Citrate and acetoacetate do not accumulate during the oxidation of 
the fatty acid. Acetoacetate, however, is readily oxidized by the prepara- 
tion mth the formation of extra succinate. Acetate forms neither acetoace- 
tate nor succinate. 

The results strongly suggest that both fatty acid o.\idation and aceto- 
acetate o.xidation proceed through the ICrebs tricarbo.xylic acid cycle m 
heart muscle suspensions. 

The author wishes to acknowledge the technical assistance of Mrs. D. E. 
Smith in this investigation. 
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STUDIES IN CARBOHYDRATE METABOLISM 

VII. THE DISTREBOTION OF DEOTERIUM IN A SAMPLE OF DEUTERIO 
GLUCOSE EXCRETED BY A DL-iBETIC RABBIT* 

Bt DeWITT STETTEN, Jb., and iLUUORIE R. STETTEN 

(From the Department of Biochemutry, College of Physicians and Surgeons, 
Columbia University, Neu> York) 

{Received for publication, June 6, 1946) 

When glucose or glycogen is isolated from the body of an animal whose 
body fluids have been enriched with D-O, deuterium is invariably found 
stably bound in the product isolated. As any isotope which may have been 
present in the hydroxyl hydrogen of such a sample will have been washed 
out and lost in the process of isolation, the deuterium with which we are 
here concerned may be assumed to be bound to carbon, and the introduc- 
tion of such carbon-bound deuterium is apparently the result of synthetic 
processes in the animal. Our reasons for rejecting the possibility of the 
biolo^cal introduction of deuterium into the carbon-bound positions of 
glucose consequent to labUization and e.xchange of these hydrogens have 
been stated in an earlier communication (1). 

In such a sample of deuterio glucose, isolated from an animal whose body 
fluids contained DjO, it was considered of interest to investigate the in- 
timate distribution of the deuterium among the hydrogen atoms bound 
to carbon in glucose. In a similar study, the distribution of isotopic car- 
bon among the 6 carbon atoms of glucose synthesized from various isotopic 
precursors has been investigated by Lorber, Lifson, and Wood (2). The 
methods employed by these authors, a combination of chemical and bac- 
teriological degradations, were well suited to their problem, but are ob- 
viously completely unsuited for a study of the location of deuterium atoms 
in glucose. 

In order to estimate the isotopic composition of the hydrogen attached 
to each of the carbon atoms of glucose, it is necessary to prepare a series 
of derivatives such that one or more of the hydrogen atoms in question is 
eliminated. The starting material, in the present instance, was a pooled 
urinary glucose sample, excreted over a period of 48 hours by a rabbit 
rendered diabetic with alloxan (3). During this period, the rabbit was 
consuming ad libilum a diet containing 62 per cent of carbohydrate and its 
body fluids contained 1.05 to 1.09 atom per cent excess of D. The urinary 
glucose was isolated as the pentaacetate, and this product contained 

* This work was carried out with the aid of grants from the Josiah hfscy, Jr., 
Foundation and the Nutrition Foundation, Inc. 
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0,159 atom per cent D, from which the average D concentration in the 7 
stable hydrogen atoms of glucose was calculated as 0,159 X 22/7= 0.500 
atom per cent D. From this material have been prepared potassium 
gluconate and gluco-benzimidazole, in which the hydrogen atom bound to 
carbon atom 1 (position I; cf. Fig. 1) is eliminated; glucosazone, eliminating 
the hydrogen at position II; potassium acid saccharate and silver sac- 
charate, Avhich have lost the hydrogen atoms from position VI as ^Yell as 
that from position I. A portion of the glucose pentaacetate was converted 
into 2,3,4,6-tetramethytglucose, and from the products of nitric acid oxida- 
tion of this compound .xylotrimetho.xyglutaric and d-dimetho.xysuccinic 
acids were isolated as amides. The configuration of these two derivatives 
(cf. Fig. 1) requires that the former arose by the loss of carbon atom 6, the 
latter by loss of carbon atoms 5 and 6 (4). Of the 7 hydrogen atoms initi- 
ally bound to carbon in the glucose, trimetho.xyglutaramide would still 
retain those at positions II, III, and IV, whereas dimethoxysuccinamide 


,0/A HN ^ 

D<; 1 C D-C^NNH0 C-OK 

D-OQAc\ D-t-QH C-NNH0 D-COH 

AcOC-D O HO-C-D HO-C-D HO-C-D 
O-CO/AcI D-C-OW D-C-OH D-C-OH 

D-C > D-C-OH D-C-OH D-C-OH 

D-C-OAc D-C-OH D-C-OH C-OH 

D' D D 'O 


„0 P 

C-NHt C-/VH* 

D-C-OM» D-C-OMt 
M»0-d-D M^O-C-D 
D-C-OMe C-NH, 
C-NHz b 

nN 


Fig. 1. Structures of the more Important derivatives 


would retain only those from positions II and III of the glucose. Each 
of these products has been obtained in an analytically pure condition and 
has been analyzed for deuterium. The results are given in Table I. 

Inquiry into the nature of the distribution of deuterium in the present 
sample of glucose may be pursued from these analytical results in several 
wajm. In the first place, the assumption may be made that the concen- 
tration of isotope in each of the 7 carbon-bound hydrogen atoms is identical, 
and on the basis of this assumption and the deuterium concentration in the 
glucose pentaacetate, one can predict the isotope concentrations in each of 
the other derivatives. Such predictions have been made (column (c), 
Table I) and may be compared with the actual analytical values in 
column (d). 

A second method of approach is the simple calculation from the several 
analyses of the actual average concentrations of deuterium in those hy- 
drogen atoms of each derivative that were present as carbon-bound hydro- 
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gen in the original glucose (column (e), Table I). It is clear that if the 
isotope were uniformly distributed among the 7 carbon-bound hydrogen 
atoms of the original glucose, this calculation would be expected to give 
the same answer in each case. 

Finally, on the basis of the analytical values, it is possible to calculate 
the concentrations of isotope at each of the individual positions. As the 
values obtained in the succeeding calculations represent, in each case, 
relatively small differences between large numbers, analytical errors will 

Table I 

Conuniralion of Deuterium in Products Obtained from Deuterio Glucose 
The concentration of deuterium found in each of the derivatives has been com- 
pared with the value predicted on the assumption of uniform distribution of isotope 
among the carbon-bound hydrogens. The average D concentration among the sur- 
viving glucose H atoms in each derivative has also been calculated. 
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Per uni 

per cent 

per era! 

Glucose pentaacetate 

22 

7 



0.159 

0.500 

Potassium gluconate 

11 

6 

I 

0.273 

0.261 

0.479 

Gluco-benzimidazole 

16 

6 

I 

0.188 

O.ISO 

0.507 

Glucosazone 

22 

6 

n 

0.136 

0.135 

0.495 

Potassium acid saccharate 

9 

4 

I, VI, VI 

0.222 

0.250 

0.563 

Silver saccharate 

8 

4 

I, VI. VI 

0.250 

0.287 

0.574 

Trimethoxyglutaramide 

16 

3 

I, V, VI, VI 

0.094 

0.094 

0.500 

Dimethoxysuccinamide 

12 

2 

I,I\'.V,VI,VI 

O.OS3 

O.OSl 

0.4S6 


• Calculated on the assumption of the uniform distribution of D among the 7 
stable hydrogens of glucose, c = 0.500 h/a. 
t e = ad/6. 


necessarily become magnified and the values can therefore not be expected 
to be very precise. The deuterium concentrations, computed for each 
position, are as follows: 

Position I, by comparing the pentaacetate with the benzinudazole 
7 X 0.500 =. 6 X 0.507 -f D, 

Di = 0.46 atom per cent 

Position II, by comparing the pentaacetate with the osazone 
7 X 0.500 = 6 X 0.495 + Da 
Da = 0.53 atom per cent 
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Position III, by comparing dimothoxyaucoinamido with Dk 

2 X 0.486 = 0.53 + D,u 
Dm “ 0.44 atom per cent 

Position IV, by comparing trimctho.xyglutaramido with dimetho.N-yauccinainido 

3 X 0.500 = 2 X 0.486 + D,v 
Di 7 =• 0.53 atom per cent 

Position V, by comparing potassium acid sacebarate wtih triraethoxyglutaramide 

4 X 0.563 = 3 X 0.500 + Dr 
Dv == 0.75 atom per cent 

Position VI, by comparing the benzimidazole with the saccharate 
6 X 0.507 =■ 4 X 0.563 + 2Dv, 

Dvi = 0.40 atom per cent 


A complete formulation of this deuterio glucose sample is given in Fig. 
2. All of these calculations are predicated upon the assumption that no 
isotope was lost by labilization and e.xchange in the course of the preparation 
of the several derivatives. This belief finds support in the fact that the 
average of the concentrations of isotope in the 7 carbon-bound hydrogen 
atoms, as calculated from the individual values, 


0.46 -f 0.53 -b 0.44 -b 0.53 + ff.75 -f 2 X 0.40 
7 


0,50 atom % 


•S 

is in agreement with the value of 0.500 based on the original analysi 
of glucose pentaacetate. 

From this it appears that there is isotope present among the hydrogen 
atoms that are bound to each of the 6 carbon atoms of the glucose sample 
under investigation. Furthermore, it is apparent that the concentrations 
of D in each of these positions are of the same order of magnitude. The 
value which deviates most from the average is that at position V. This 
deviation results from the finding of a higher concentration of isotope m 
potassium acid saccharate than was predicted on the assumption of uni- 
form distribution (Table I) and is, we believe, somewhat greater than would 
be anticipated on the basis of experimental error. Two separate prepa- 
rations of potassium acid saccharate gave analytical values for D that were 
in perfect agreement, and the analysis of silver saccharate also confirms 
this finding. However, in view of the fact that this study was limited to 
a single preparation of deuterio glucose isolated from the urine of a single 
animal, this finding is not at present susceptible of interpretation. 

The finding that D„ is not significantly higher than the average D con- 
centration of the carbon-bound hydrogens of this sample of glucose mili- 
tates against the hypothesis that rapid, reversible enolization of glucose 
occurs in the animal. Such a reaction, if it did occur, would necessarily 
result in the introduction of isotope at position II, and the concentration 
of deuterium at this position would soon approach that of the aqueous en- 
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vironment which, in the present instance, was above 1 per cent. Because 
they failed to find any stably bound D in the reaction products when glucose 
underwent mutarotation or transformation to fructose in a medium of 
DiO, Fredenhagen and Bonhoefifer eliminated the enediol of glucose as an 
obligatory intermediate in either of these reactions in tnlro (5). The 
present evidence would seem to eliminate reversible enediol formation as a 
major process in glucose metabolism. 

The most plausible explanation for the appearance of deuterium in a 
sample of glucose excreted in the urine of an animal whose body fluids con- 
tain an excess of DiO is that a portion of this glucose has been synthesized 
from fragments such that each hydrogen atom in the glucose ultimately 
formed either arose from or was at some time in equilibrium with the body 


In earlier studies (3, 6) we have estimated the proportion of urinary 
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Fig. 2. The intimate isotopic constitution of the present sample of glucose. The 
concentration of D at each stable position is given both as the actual value, in atom 
per cent e.xces3, and as the per cent of D present in the body water of the rabbit. 

glucose synthesized in vivo on the assumption that the urinary glucose is 
composed of two fractions, the first derived from the diet and devoid of 
stably bound deuterium, the second synthesized by the animal and con- 
taining, in its carbon-bound hydrogen, isotope derived from the body 
fluid. The present findings that deuterium is present in the hydrogen at- 
tached to each carbon atom of the glucose in question and that the con- 
centration of isotope is of the same magnitude at each position are in accord 
with the foregoing assumption. It may therefore be concluded that in the 
present e.xperiment, in which the concentration of D in the body water was 
1.05 to 1.09 atom per cent and the average concentration of D among the 
stable hydrogen atoms of glucose was 0.50 atom per cent, about one-half 
of the glucose excreted was synthesized in vivo, the remainder presumably 
arising from the diet. If the synthesized glucose and dietary glucose are 
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pictured as undergoing perfect mbdng in the animal and if the urinary 
glucose is taken as a true sample of this mbcture, it follows that the quantity 
of glucose synthesized in this rabbit per day was roughly equal to the 
quantity ingested. 


EXPERIMENTAL 

The glucose which served as the starting material in the present in- 
vestigation was excreted over a period of 48 hours in the urine of a 2 kilo 
female rabbit which had been rendered diabetic with alloxan (3). During 
this period the rabbit consumed daily from 150 to 200 gm. of a diet con- 
taining 62 per cent of carbohydrate, and on the 2 days of the experiment 
excreted 52.2 and- 54.0 gm. of glucose. The body fluids, initially enriched 
Avith D2O by intravenous injection and maintained by replacement of the 
drinking water by an appropriate concentration of D2O, contained 1.05 
and 1.09 atom per cent excess D on the 2 experimental days. The glucose- 
from each day’s urine was isolated as the pentaacetate, the sample from the 
1st day containing 0.144, that from the 2nd day 0.166 atom per cent D. 
These samples were combined and once recrystallized from ethanol-water 
and the 106 gm. of nearly colorless crystals were employed in the prepa- 
ration of the folloAving products. 

Glucose Pentaacetate — For analyrsis, a sample of the above crude penta- 
acetate was twice recrystallized from water and dried over P2O6 at 100 
in vacuo. 


Calculated. C 49.2, H 6.6 

Found.' “49.2,“ 6.5, D 0.159 atom % excess 

PotcLssium Gluconate — 4.34 gm. of glucose pentaacetate were treated 
with I2 in methanolic KOH (7) and of the 2.12 gm. of crude potassium 
gluconate obtained 1.12 gm. were recrystallized from aqueous methanol. 
The product, dried in vacuo over P2O6 at 61®, weighed 0.873 gm. 

Calculated. C 30.8, H 4.7 

Found. “ 30.9, “ 4.9, D 0.261 atom % excess 

Gltico-bemimidazole — The remaining gm. of potassium gluconate was 
condensed with o-phenylenediamine (7) and the resultant benzimidazole 
recrystallized from water. It was dried over P2OS in vacuo at 100® and 
weighed 0.467 gm. 

Calculated. C 63.7, H 6.0 

Found. “ 53.6, “ 6.0, D 0.190 atom % excess 

' Elementary microanalyses reported in this paper were performed by Mr. William 
Saachek. 
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Phenylglvcosasone — 2.5 gm. of reorystallized glucose pentaacetate were 
refluxed for 3 hours with 40 cc. of 0.3 n HjSO^. 20 gm. of crystalline 
sodium acetate, 4.2 of phenylhydrazine hydrochloride, and 1.7 cc. of a 
saturated aqueous solution of NaHSOj were then added and the mixture 
heated for 3 hours on the steam bath. After prolonged cooling, the pre- 
cipitate was filtered off and recrystallized from pyridine-benzene. The 
product was dried in vacuo successively over HiSO* at room temperature 
and over PjOj at 61° and weighed 1.377 gm. 

Calculated. C 60.3, H 6.2 

Found. " 60.5, “ 6.0, D 0.135 atom % excess 

2,3,4,6-Telra7ne0iylglucose — 30 gm. of glucose pentaacetate were re- 
fluxed for 3 hours tvith 400 cc. of 0.3 n HjSO<. The solution was cooled 
and brought almost to neutrality by the addition of NaOH solution and 
was then concentrated in vacuo to a volume of 25 cc. Methylation was 
carried out in this solution according to the procedure of West and Holden 
(8) with the single alteration that the quantities of both dimethyl sulfate 
and NaOH were increased by a factor of 33 per cent. The product was 
recrystallized by mixing with anhydrous CaSO^, and continuously ex- 
tracting the resultant powder in a Soxhlet apparatus with petroleum ether 
to which had been added 0.5 per cent of ether. 4.7 gm. of white crystals 
were obtained. 

d-Dimeihoxysuccinamide — 4 gm. of the above tetrametbylglucose were 
oxidized with HNOj (sp. gr., 1.42), according to the procedure employed by 
Hirst (4), After esterification with methyl alcohol, the products of 
oxidation were distilled at a pressure of 2 mm. and the middle fraction, 2.5 
gm. of a pale yellow oil, distilling between 135-140°, were treated with 
dry NHj in methanol. The crystals which separated on refrigeration were 
collected and a second crop was obtained, after isolation of the xylo- 
trimethoxyglutaramide (see below) by concentration of the mother liquor 
and resaturation with HHj. d-Dimetho.\ysuccinamide was recrystallized 
from hot water and dried at 61° in vacuo over PjOj. The product weighed 
255 mg. and melted with decomposition at 270-280°. 

Calculated. C 40.9, H 6.8 

Found. “ 41.4, “ 6.8, D O.OSl atom % excess 

Xylolrimethoxyglutaramide — After the mother liquor of the first pre- 
cipitation of the foregoing dimethoxysuccinamide had been concentrated 
under reduced pressure and set in the refrigerator, this compound pre- 
cipitated. It was recrystallized from a hot 1:1 mixture of ethanol and 
ether and dried over PiO in vacuo at 61°; the product weighed 361 mg. 
and melted at 195°. 
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Calculated. C 43.0, H 7.3 

Found. “ 43.6, “ 7.0, D 0.09-1 atom % excess 

Potassium Acid Sacdiarato — 4.4 gm. of potassium gluconate, prepared 
from 10 gm. of the pentaacetylglucose, were ftdded tvith cooling to 12 cc. 
of concentrated HNO 3 (sp. gr. 1.4) (9). Reaction was initiated by addition 
of 10 drops of fuming HNO3 and the mbcture allowed to stand for 2 days 
at room temperature. The mbcture was made slightly alkaline with 
K3CO3, then acidified with acetic acid, and refrigerated for several days. 
The resulting precipitate was recrystallized twice from a small volume of 
hot water. The 0.59G gm. obtained was dried at 61° in vacuo over PsOj. 

Calculated. C 29.0, H 3.6 

Found. “ 29.2, “ 3.7, D 0.250 atom % e.xcess 

Starting Muth another batch of glucose pentaacetate, Ave made a second 
preparation of potassium acid saccharate by the same method. 

Found. D 0.250 atom % e.xcess 

Silver Saccharate — 1,66 gm, of potassium acid saccharate were converted 
to silver saccharate by the method of Cans and Tollens (10) and the 0.712 
gm. obtained was dried at room temperatiure in vacuo over H*S 04 . 

Calculated. C 17.0, H 1.9, Ag 60.9 

Found. 16.8,“ 2.0, “ 60.9, D 0.290 atom % excess 

A second sample of silver saccharate was made by the same method. 

Found. D 0.284 atom % e.xcess 
SUMMARY 

A sample of deuterio glucose excreted by a diabetic rabbit whose body 
fluids were enriched withlDjO has been studied in order to ascertain the con- 
centration of deuterium among the carbon-bound hydrogen atoms at each 
position. Deuterium has been demonstrated to be present at each position, 
and its concentration at each of the several positions has been found to be 
of the same order of magnitude. The only significant deviation from the 
average value was at position V, where a somewhat higher concentration 
of D was found than at the other positions. The results rule out reversible 
enolization of glucose as a major metabolic pathway and support the view 
that the concentration of D in a sample of urinary glucose, excreted by an 
animal receiving DjO, is a measure of the amount of glucose synthesized. 
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STUDIES IN CARBOHYDRATE lilETABOLISIVI 

vni. THE ORIGIN OF THE STABLE HYDROGEN IN GLYCOGEN 
FORMED FROM VARIOUS PRECURSORS* 
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(Prom (he Department aj Biochemistry, College of Physicians and Surgeons, 
Columbia Unicersiiy, iVeu) York) 

(Received for publication, June 6, 1946) 

If in the course of a synthetic operation in the animal, hydrogen 
originating in the body water enters into stable organic linkage, the process 
is susceptible of study by observation of the amount of deuterium in- 
troduced when the fluids of the animal’s body are enriched with DjO. 
This technique has been employed to investigate the rate of synthesis of 
fatty acids and cholesterol (1), and more recently we have employed this 
procedure to study the rate of glycogen formation in the experimental ani- 
mal (2). 

In the course of this study it was early apparent that in the interpretation 
of the quantity of deuterium present in a given sample of glycogen it was 
necessary to consider not only the rate of its formation but also the nature 
of the precursors from which it arose. Thus it has been reported 
that, imder our experimental cmditions, the glycogen arising in the liver 
of previously fasted rats after feeding of lactic acid was considerably richer 
in deuterium than the sample obtained when glucose was fed (3). We have 
also reported that the glycogen that is deposited both in muscle and in 
liver when galactose rather than glucose comprises the bulk of the diet is 
not appreciably richer in deuterium than when our stock glucose diet was 
fed (4). The simplest explanation of these effects is that the more directly 
the dietary test substance is used for glycogenesis, the less opportunity 
there will be for the introduction of deuterium from the body fluids. If, 
on the other hand, before glycogen can be formed and deposited, the dietary 
preciusor must pass through stages at which double bonds must be hydrated 
or hydrogenated, or at which carbon-boimd hydrogens become exchange- 
able by enolization or other reaction, opportunity for the introduction of 
deuterium from the body fluid will arise, and glycogen rich in deuterium 
will result. 

In order to gain some information as to the stages in glycogenesis at 
which deuterium is introduced from the D;0 of the body water, we have 
carried out a series of comparable experiments in which rats have been first 

* This work was carried out with the aid ot grants from the Josiah Macy, Jr., 
Foundation and the Nutrition Foundation, Inc. 
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fasted for 24 hours, then given an injection of DiO, followed, after aa hour, 
by the administration by stomach tube of one of several known precursors 
of glycogen. After 3 hours the animals were killed, glycogen was isolated 
from the livers, and its deuterium concentration compared with that of the 
body w’ater. 

When glucose was the test substance fed (3), the glycogen isolated from 
the liver was found to contain 38 per cent as much deuterium as the body 
water (Table I). Since, after 24 hours of fasting, the rat liver is practically 
devoid of glycogen, it is fair to assume that almost all of the glycogen found 
in the liver at the termination of such an experiment was formed after the 

Table I 

Deuterium Concentration in Liver Glycogen 
Six adult female rata in each group were fasted for 24 hours and then given DiO 
subcutaneously. 1 hour later the test substance indicated was fed by stomach tube 
in the dosage indicated in the text. 3 hours thereafter the rats were balled, glycogen 
isolated from their livers, and its deuterium concentration compared with that of the 
body water. Weights of samples are expressed as per cent of liver. 





Liver giycogen 


Subst&nce {ed 

Body water 




1 


Weight 

D 

D 


atom per 
cent D 


atom ptr cent 

per cent ej 

Glucose* 

1.20 

1^1 

0.49 

38 

Fructose 

1.31 



44 

Mannose 

1.35 

0.1 

WSEm 

35 

Galactose 

1.27 

0.7 

Km 

33 

dZ-Glyceraldehyde 

1.28 

0.6 

mmm 

43 

dt-GIyccric acid 

1.31 

0.7 

0.568 

43 

Dihydroxyacetone 

1.33 

0.3 

0.747 

56 

dt-Lactic acid* 

1,28 

0.2 

0.73 

57 


* Boxer and Stetten (3). 


test substance had been administered and was minimally diluted by pre- 
easting glycogen. Its isotope content should therefore closely approach 
that of the glycogen formed during the test period. 

It has been shown experimentally that 34 per cent of all of the hydrogen 
in glycogen is immediately and completely exchangeable with the hydrogen 
of water (2), this fraction corresponding roughly to the hydroxyl hydrogen. 
Any deuterium which may have been present in these exchangeable 
positions of glycogen during the life of the animal must have been lost 
during the isolation and purification of the glycogen. We therefore con- 
cluded that, of the hydrogens m glycogen, that portion over and above the 
sum of the 38 per cent arising from the body water and the 34 per cent that 
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was lost by exchange during isolation, must have come from hydrogen atoms 
stably attached to the glucose fed, and persevering in their attachment 
through all the steps of glycogeneds. 

Confirmation of this conclusion was not possible at that time because 
stably labeled deuterio glucose was not available. "We have now obtained 
a limited amount of deuterio glucose, isolating it from the urine of diabetic 
rabbits whose body flmds were enriched with DjO (5) . The isotope in such 
samples of glucose is approximately uniformly distributed among the seven 
stable positions (6). The present sample of glucose contained 0.242 atom 
per cent D, and, as this was all present in carbon-bound positions, the aver- 
age isotope concentration in these positions may be calculated as 0.242 X 
12/7 = 0.415 atom per cent D. We have fed this material to previously 
fasted rats in an experiment completely parallel with the earlier glucose 
feeding, except that in the present instance no D*0 was injected. The gly- 
cogen isolated from the livers of these rats 3 hours later contained 0.129 
atom per cent D, showing that 0.129/0.415 X 100 = 31 per cent of the 
hydrogen in the glycogen formed under these conditions arose from the 
stably bound hydrogen of the glucose that had been fed. 

Three fractions of hydrogen in glycogen must therefore be considered. 
Some 34 per cent is exchangeable, and any deuterium initially present in 
these positions will be lost during isolation. About 38 per cent of the 
hydrogen in liver glycogen has been shown to arise from the body water, 
when glucose serves as precursor, and the deuterium upon which this con- 
clusion is based may be assumed to be approximately uniformly distributed 
among the non-exchangeable positions (6). 31 per cent of the hydrogen in 
glycogen formed in the liver of the fasted rat when glucose is fed has now 
been shown to come directly from the carbon-bound hydrogen of glucose. 
The sum of these three fractions, each determined independently, comes to 
103 per cent, which we regard as a satisfactory check. 

The non-exchangeable hydrogen of glycogen is thus composed of two 
complementary quantities, that portion which arises from the body water 
and that portion which arises from stable hydrogen of the precursor. These 
two quantities may be evaluated by complementary e.vperimental pro- 
cedures; namely, by labeling the hydrogen of the water with D by the in- 
jection of D;0, or by labeling the hydrogen of the precursor by its prepara- 
tion in such a fashion as to introduce stably bound D. As essentially the 
same information is obtained by both procedures, and as the first procedure 
is in general simpler to carry out, this has been the technique employed in 
the remaining experiments to be described. 

The alkali-catalyzed transformation of glucose to fructose has been shown 
to proceed in vitro in a medium of D-O without any stably bound D appear- 
ing in the product (7). This e.xperiment was interpreted as excluding the 



160 


CARBOUYDnATE METABOLISM. VIIl 


enediol as a necessary intermediate in this type of transformation. It Is of 
interest that in the present series, when the rat makes liver glycogen from 
fructose or mannose, it does so without introduction of appreciably more 
deuterium from the fluid environment than occurred when glucose served 
as precursor (Table I). From this we conclude that transformation of fruc- 
tose or mannose to the glucose configuration in the animal is not accom- 
panied by labilization of much of the carbon-bound hydrogen. While it is 
not possible to rule out the enediol of glucose as an intermediate from the 
figures here presented, we have other evidence which makes it appear that 
enolization of glucose is not a prominent reaction in the animal body (6). 

Whereas it is easy to visualize the transformation of fructose or mannose 
into glucose, the conversion of galactose to glucose would appear necessarily 
to be a more complex process. Evidence has previously been presented to 
show that when galactose serves as a precursor for glycogen in an animal 
receiving D 2 O, the glycogen formed contains no more deuterium than when 
glucose is fed (4). This observation is confirmed by the present finding, in 
which, after galactose was fed to previously fasted rats, the liver glycogen 
contained 33 per cent as high a concentration of D as did the body water. 
Whatever the steps in the transformation of galactose to the glucose con- 
figuration, they are not associated with extensive labilization of carbon- 
bound hydrogen atoms. 

When this characteristic of the conversion of galactose to glycogen was 
first detected, several possible pathways were considered. The possibility 
of an intermediate cyclohe.xitol, such as Z-inositol suggested by Fischer (8), 
has been considered, and indeed the occurrence of the biological conversion 
of racso-inositol to glucose has been demonstrated (9) . From this particular 
isomer, how'ever, glucogenesis seems to proceed quite slowly. 

A more plausible pathway is the cleavage of galactose to two triose frag- 
ments and their immediate recondensation to give glucose. The formation 
of hexose in vilro by the aldolization of two triose fragments has been shown 
to proceed in D-O without the appearance of stably bound deuterium in the 
product (10). Something of the same sort seems to occur in animals 
when glyceraldehyde serves as the precursor of glycogen. The glycogen 
deposited in the liver under these circumstances is not much richer in D than 
when glucose was fed. Both glyceraldehyde and glyceric acid are, during 
their incorporation into glycogen, capable of retaining many of their car- 
bon-bound hydrogen atoms. 

It is noteworthy that dihydroxyacetone behaved quite differently. 
When glycogen was formed from this substance, its isotope concentration 
was practically identical with that which was formed from lactic acid. 56 
per cent of all of the hydrogen in the glycogen formed when dihydroxyace- 
tone was fed arose from the body fluids, as compared with 57 per cent for 
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the analogous figure when lactic acid served as precursor. When to either 
of these values is added the 3-1 per cent of known exchangeable hydrogen, 
it is apparent that at most a very small fraction of the stable hydrogen in 
the glycogen could have arisen from the test substance. During glycogene- 
sis from either of these precursors, practically every hydrogen atom must 
either have arisen from or been at some stage exchangeable with the hy- 
drogen of the fluid environment. 

This difierence in behavior between glyceraldehyde and dihydroxy- 
acetone is surprising in view of the supposed interconvertibility of the 
phosphoric acid esters of these two compounds in the animal (11). It 
should be pointed out that, whereas the triose phosphates are commonly 
postulated intermediates in carbohydrate metabolism, the free trioses, 
which were the substances administered in the present experiment, are not 
generally so considered. Any hypothesis offered to explain the present dif- 
ference between glyceraldehyde and dihydroxyacetone should take into 
account the previously mentioned uniformity of distribution of deuterium 
among the stable positions of glucose when glucogenesis occurs in an animal 
on a normal diet receiving DiO (6). The present finding suggests that, 
regardless of the biological interconvertibility of the triose phosphates, glyc- 
eraldehyde is not, under our e.xperimental conditions, rapidly converted 
into dihydroxyacetone. To accoimt for the more or less complete introduc- 
tion of isotope into the glycogen arising from dihydro.xyacetone, two 
possible explanations are offered. Either this compound undergoes enoUza- 
tion, and consequent labilization of all of its hydrogen atoms, more readily 
than glyceraldehyde, or the pathway from dihydro^Qracetone to glycogen is 
more indirect than that from glyceraldehyde to glycogen. 

EXPERIilENTAI. 

Deuterio glucose was obtained from a sample of deuterio glucose penta- 
acetate which had been isolated from the urine of a diabetic rabbit receiving 
DjO (5). A sample of pentaacetate containing 0.132 atom per cent D was 
boiled under reflux in 0.5 n HCl for 3 hours; the product was taken to dry- 
ness under reduced pressure and repeatedly evaporated from water to re- 
move volatile acids. The residue, after treatment with norit, was dissolved 
in sufficient water to bring the glucose concentration, determined analy- 
tically, to 15 per cent. The calculated concentration of deuterium in the 
glucose was 0.2i2 atom per cent. 

Three female rats, averaging 184 gm. in weight, were fasted for 25 hours 
and then given deuterio glucose by stomach tube, 200 mg. per 100 gm; of 
body weight. 3 hours later they were killed and glycogen was isolated 
from their fivers. The body fluids of these animals contained 0.017 atom 
per cent D. 
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Of the other test substances used, galactose, fructose, and mannose were 
the commercially available c.p. preparations. A sample of dl-glyceralde- 
hyde was generously contributed by Professor II. 0. L. Fischer, to whom the 
authors are deeply indebted. df-Glyceric acid was prepared by the HNOj 
o.xidation of glycerol, according to ICiliani (12), and was isolated as its Ca 
salt. It was administered as an equimolar mixture of glyceric acid and Na 
glycerate, prepared by treatment of Caglyceratc mth appropriate quantities 
of oxalic acid and Na oxalate. The precipitated Ca o.xalate was removed 
by centrifugation, and the volume of the clear supernatant adjusted to give 
a suitable concentration of solute. Dihydroxyacetone was purchased from 
the Pfanstiehl Chemical Company. 

In each of the experiments given in Table I, six female rats, averaging 
130 to 150 gm. each, were first fasted for 24 hours. Each rat then received 
an injection of 99.5 per cent DjO containing 0.9 per cent NaCl, 1 cc. per 
100 gra. of body weight. 1 hour later the test substance was administered 
by stomach tube. The hexoses and glyceric acid were given in the dosage 
of 200 mg. per 100 gm. of body weight, glyceraldehyde and dihydroxyace' 
tone, 300 mg. per 100 gm. of body weight. Incident to the tube feeding, 
one rat of the dihydroxyacetone group died and had to be discarded. 

The isolations of glycogen from liver were conducted by the same methods 
as have been previously described (2). 

SUMMARY 

When glycogen is formed from administered glucose in the liver of a rat, 
a portion of its carbon-bound hydrogen arises from the stable hydrogen of 
the glucose fed, the remaining complement coming from the body water. 

When fructose, mannose, galactose, glyceraldehyde, or glyceric acid serves 
as dietary precursor, the complement of hydrogen in glycogen arising from 
the body water is not significantly increased. 

During glycogenesis from dihydroxyacetone, as from lactic acid, essen- 
tially all of the hydrogen in glycogen arises from the body water. 
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DIETAEY PROTEIN AND PROTOPORPHYRIN FORMATION 
IN THE RAT* 

Br JAMES M. ORTEN akd JUDITH MACKEY KELLER 

(From the Dejiariment of Phyaioloffical Chemistry, Wayne University College 
of Medicine, Detroit) 

(Received for publication, June 17, 1W6) 

The wide-spread occurrence of the porphyrins as constituents of many 
important respiratory catalj-sts, such as hemoglobin, the cytochromes, and 
catalase, attaches fundamental importance to the problem of the origin and 
metabolism of these substances in the organism. Progress in this field 
has been retarded by a lack of satisfactory methods of quantitative analy- 
sis. However, in 1943, Grinstein and Watson (1) published a colorimetric 
method for the determination in erythrocytes of protoporphyrin, an alleged 
intermediate in the formation of heme. The introduction of this method 
appeared to offer an opportunity for a quantitative study of protopor- 
phyrin in other body tissues and in the excreta. 

Earlier work by other investigators has demonstrated that protoporphy- 
rin is the predominant porphyrin appearing in the feces of the rat and that 
only a trace is eliminated in the urine (2, 3), even after the parenteral 
administration of protoporphyrin (3). Little is present in other body 
fluids or tissues with the exception of the Harderian glands (4), the in- 
testinal contents (4), erythrocytes, especially reticulocytes (1), and in the 
white matter of the central nervous s 3 rstem (5). The fecal protoporphyrin 
appears to be that formed in excess of the requirement for hemoglobin 
synthesis and excreted in the feces perhaps by way of the Harderian glands 
in the rat, since the removal of these structures results in a marked decrease 
in fecal protoporphyrin to practically nil (4). Some protoporphyrin may 
be synthesized by the bacteria of the intestinal flora, although the amount 
from tins source appears to be extremely small (4, 6) unless there is hemor- 
rhage into the intestine (7). 

In view of the above evidence, the assumption that protoporphyrin 
synthesis in the rat could be ascertained from fecal protoporphyrin ex- 
cretion appears justified. The present study was designed, therefore, to 
determine whether dietary protein serves as a precursor of protoporphyrin 

* Aided by a grant from the Committee on Therapeutic Research, Council on Phar- 
macy and Chemistry, American Medical Association. The data in this paper were 
taken from a dissertation presented by Judith Mackey Keller in partial fulfilment of 
the requirements for the degree of blaster of Science in VTayne University, 1945. Pre- 
sented at the meeting of the American Iirstitute of Nutrition at Atlantic City, March, 
1946. 
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in the rat, as is indicated by the studies of Schoenheimer and his coworkers 
(8), by means of certain amino acids containing isotopic nitrogen, and, if 
so, the proportion of the protein intake allotted to porphyrin synthesis 
in vivo. Fecal protoporphyi'in excretion was followed quantitatively in 
groups of rats fed adequate or low protein diets. 

EXPERIJIENTAIi 

Male rats of the Connecticut Agricultural Experiment Station strain 
weighing 40 to 50 gm. at weaning were used. They were divided litter- 
wise into two groups and were housed in individual wide mesh screen 
bottom cages. One group (twelve rats) received an “adequate protein" 
diet having the following percentage composition; casein* 22.5; sucrose 
10; white corn dextrin 36.5; hydrogenated cottonseed oil 27; Wesson's 
salt mixture 4. The other group (twelve rats) was given a low protein 
diet having the same composition with the following exceptions: casein 
3.5; white corn dc.xtrln 55.5. All animals were given the following vitamin 
supplements; 200 mg. of ryzamin-B - and 200 mg. of liver extract’ daily; 
3 drops of halibut liver oil with viosterol twice weekly. 

The animals of both groups were weighed and the food consumption was 
carefully measured weekly. Each day the feces were collected quanti- 
tatively on absorbent paper. A 16 week period of observation was used 
and duplicate protoporphyrin determinations were made biweekly on the 
feces of each animal. 

The following procedure was used for protoporphyrin analysis: The 
daily feces collection was weighed to O.OI gm. and was placed immediately 
in 95 per cent ethyl alcohol and stored in a refrigerator. Pooled weekly 
samples for each rat were then homogenized in 95 per cent ethyl alcohol m 
a Waring blendor, dried at room temperature, and ground to a fine powder 
which passed thi’ough a 60 mesh sieve. This powder was then dried in 
vacuo at 60°, and duplicate 0.500 gm. aliquots were taken for proto- 
porphyrin determination by a slight modification of the Grinstein and 
Watson (1) method. The final colored solution was read in a photoelectric 
colorimeter with a 410 m,u filter. In addition, readings were made with a 
special 554 ma filter, a wave-length at which protoporphyrin has a char- 
acteristic absorption maximum.'* The values obtained at both wave- 
lengths agreed closely. A calibration curve was constructed with crys- 

* No. 4S3, Casein Manufacturing Company, New York. 

* No. 2, Burroughs Wellcome and Company, Tuckahoe, New York. Appreciation 
is expressed to Mr. D. M. Cypher for supplying this material. 

’ Liver e.xtract “B,” from The Wilson Laboratories, Chicago. Appreciation is ex- 
pressed to Dr. David Klein for furnishing a generous supply of this extract. 

* Dr. E. H. McCoy, University of Pittsburgh; personal communication. 
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talline protoporphyrin dimethyl eater.* Satisfactory recoveries (average 
96.9 per cent) of 30 to 45 y samples of protoporphyrin added to dried feces 
were obtained. 

Analyses of the two diets (10 gm. samples) employed and of daily 
portions of the vitamin supplements used demonstrated that the proto- 
porphyrin content of each was only a questionable trace, and hence of no 
practical significance. 

Hemoglobin determinations were made by a photoelectric acid hematin 
method at regular intervals. 

Tabix I 

Fecal Protoporphyrin of Control RaU and of Rais Fed Diet Low in Protein* 

Fecxl protopo^hyria 
Per rat Body 

y fer day y per 100 xau 

110 (62-151) 59 (31-93) 

146 (67-224) 56 (21-91) 

1S2 (136-262) 53 (33-75) 

202 (107-295) 52 (32-81) 

232 (165-344) 54 (39-68) 

241 (179-367) 52 (36-70) 

212 (122-305) 43 (23-55) 

19 (16- 22) 41 (35-44) 

17 (7- 22) 38 (18-48) 

15 (8- 19) 30 (19-38) 

13 (5- 24) 31 (12-58) 

13 (1- 37) 23 (3-67) 

8 (6-11) 17 (12-22) 

7 (2- 12) 14 (7-21) 

6 (6- 6) 13 (13-13) 

• The values given are group averages with the minimum and maximum for in- 

dividual rats in parentheses. 

Results 

The averaged results for the two groups of rats, together with the range 
of individual values for fecal protoporphyrin excretion at biweekly in- 
tervals, are given in Table I. It is evident that the controls fed the ade- 
quate protein diet excreted considerably more protoporphyrin per 0.5 
gm. sample, per day, and per 100 gm. of body weight per day than did the 

* Sincere appreciation is expressed to Dr, C. J. Watson, University of Minnesota 
School of Medicine, to Dr. W. J. Turner, Veterans Administration, and Captain John 
Mason, Army Medical School, for generous samples of protoporphyrin. 


Protein issested 

rferttt. 

62 (32- 75) 
55 (23- 90) 
76 (59-129) 
78 (38-115) 

91 (63-118) 
103 (62-149) 

92 (53-116) 

127 (93-164) 
143 (86-217) 
153 (72-193) 
121 (43-232) 
123 (11-256) 

93 (76-120) 
71 (31-111) 

94 (92- 95) 




y perOJ im. 

42 (29- 62) 
53 (31- 93) 
63 (50-102) 
73 (33-113) 
89 (52-104) 
97 (62-122) 
86 (52-107) 

29 (26- 35) 
31 (16- 40) 
37 (31- 46) 
28 (11- 55) 
23 (2- 46) 
16 (13- 19) 
13 (6- 19) 
12 (11- 14) 
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rats fed the Io^Y protein ration. The difference was evident within 4 
wcelcs after the e.xperiment began and became more pronounced as the 
study progressed. The rather constant protoporphyrin excretion per 100 
gm. of body weight per day observed in the control animals is of interest, as 
likewise is the steady decrease in this value seen in the low protein rats. 
This decrease paralleled the development of the chronic anemia usually 
observed in protein-deficient rats (9), the average value at the end of the 
16 week period being 10.7 gm. of hemoglobin per 100 cc. of blood, as com- 
pared with 16.8 gm. per 100 cc. for the controls. 

The values obtained for fecal protoporphyrin excretion when calculated 
on the basis of micrograms per gm. of dietary protein consumed show a 
rather striking contrast between the two groups of rats. The averaged 
results show clearly that in the first part of the experiment the low protein 
rats showed a much greater utilization of dietary protein for protoporphy- 
rin formation than did the adequate protein controls. This difference 
became less pronounced as the experiment progressed, however, perhaps 
for two reasons. First, there was a general failure in hemopoiesis in the 
low protein rats, as evidenced by the development of an anemia. Second 
there was a decreased rate of growth in the control animals, and hence per- 
haps more protein became available to the organism for porphyrin for- 
mation, The data thus suggest that protoporphyrin synthesis,^ like 
hemoglobin synthesis (10, 11), has a “high priority call” on available 
protein in the organism and that porphyrin formation takes precedence 
over the formation of general body tissue protein when the intake of protein 
is limited. 


DISCUSSION 

The foregoing results indicate that if fecal protoporphyrin excretion is a 
measure of porphyrin synthesis in the organism, as appears to be demon- 
strated by the e.xisting evidence, dietary protein serves as the ultimate 
precursor of the porphyrins in vivo. This conclusion is in accord with the 
observations of Schoenheimer and his cow'orkers (8) previously mentioned. 

The question of the identity of the amincr acid or acids which serve as 
precursors for the porphyi-m nucleus is one of fundamental and practical 
importance. Years ago Fischer and others (see (12)) suggested that such 
substances as proline or tryptophane might serve this purpose. In this con- 
nection it is pertinent to note that Shemin and Rittenberg (13) have now 
demonstrated, using the isotopic nitrogen technique, that glycine is m- 
volved in hemin formation, thus in protoporphyrin formation in man. 
Under the same experimental conditions, no direct utilization of either 
proline, glutamic acid, leucine, or ammonium citrate for porphyrin syn- 
thesis could be demonstrated. It is also of interest that acetic acid may be 
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used in the in vivo synthesis of porph 3 Tin, as indicated by the use of isotopic 
carbon as a tracer (14). Evidently an adequate supply of this important 
chemical nucleus is thus assured to the organism by synthesis from simple 
plentiful units. Such a general concept of the importance attached to 
porphyrin synthesis in the organism is further supported by the data ob- 
tained in the present study, demonstrating that protoporphyrin formation, 
like hemoglobin formation, ranks high in the preferential allotment of 
protein for anabolic purposes in vivo. 

SUiniART 

The effect of a diet low in protein (3.5 per cent casein) on fecal pro- 
toporphyrin excretion in the rat was followed for a 16 week period. 

Porphyrin e.xcretion of the low protein animals was consistently much 
less than that of control rata when calculated either as micrograms of 
protoporphyrin per 0.50 gm. of sample, per rat per day, or per 100 gm. of 
body weight per day, but was significantly greater when expressed as 
micrograms per gm. of dietary protein ingested. 

Protoporphyrin excretion of the low protein rats decreased progressively 
during the period of observation, while the usual chronic an em i a de- 
veloped. 

If fecal protoporphyrin excretion is an index of porphyrin synthesis 
in vivo, as the available evidence indicates, these data demonstrate that 
dietary protein serves as a precursor of the porphyrin nucleus in the rat 
and that porphyrin formation, like hemoglobin formation, has a high 
“priority rating” for available protein in the organism. 
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COLORIMETRIC DETERMINATION OF CANAVANINE 
By REGINALD M. ARCHIBALD 

{From the Hospital of The Rociefeller Institute for Medical Research, New York) 
(Received for publication. May 21, 1946) 

Kitagawa and his colleagues (1—3) reported the isolation of canavarune 
from jack bean and demonstrated (4, 5) that its structure was HjN-C- 
(:NH)--NH-0 -CHj-CH!-CHNH.-COOH. They observed (3, 4) that 
a solution of sodium nitroprusside that had first been exposed to sunhght 
reacted with canavaifine, specifically, to form a ruby-colored solution. 
On this finding has been based the development of a simple quantitative 
method (referred to in an earlier publication (6)) for determining canava- 
nine or, more strictly, compounds having the guanidino grouping 

NH 

NHi— C— NH— O— R 

The natrure of the reaction involved in the formation of color with cana- 
vanine is not known at present. However, conditions for the preparation 
of the reagent and for the development of color have been standardized so 
that the reaction can be used for the quantitative determination of can- 
avanine. 

Method 

Reagents — 

1.0 M jihosphaie buffer, pH 7.2, is prepared by mixing 0.25 mole (34.5 
gm.) of NaHjPOi-HjO with 0.75 mole (130.6 gm.) of K-HPOi and ad- 
justing the volume to 1 liter. 

Sodium nitroprusside, 2 per cent solution. This is prepared fresh 
every week and is stored in the dark at 0-4°. 

Superoxol (30 per cent H 1 O 2 ). 

Potassium carbonate, 20 per cent solution. 

Stock solution of canavanine. 2.5 mg. of canavanine* per cc. This is 
conveniently stored frozen on solid CO*. 

' The canavanine used in this investigation was obtained from Squibb’s double 
strength urease as a by-product during the preparation of canavanine-free urease 
(6). Squibb’a double strength urease, prepared from jack bean by acetone precipita- 
tion according to the method of Van Slyke and Cullen (7), contmns from 6.0 to 8.0 
per cent of canavanine. This is easily separated from urease by dialysis. After con- 
centration of the dialysate under reduced pressure the canavanine is precipitated as 
the flavianate (8, 9) and recrystallired. Addition of excess barium hydroxide results 
in precipitation of barium flavianate and liberation of the canavanine. Excess 
barium is removed with COj. Residual flavianic acid is removed from the flltrate with 
charcoal. 
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Standard solution of canavaninc. 1 cc. of stock solution is diluted to 
10 cc. mth water. 

Preparation of aquoprusside reagent. 0.5 cc. of the 20 per cent carbonate 
solution and 0.4 cc. of superoxol are mixed with 10 cc. of the 2 per cent 
sodium nitroprusside solution. Af ter the mixture has stood for 30 minutes, 
at room^ temperature (20-25°), it is ready for use. It should be prepared 
fresh daily. Use of larger amounts of peroxide decreases the color obtained 
with canavanine. 


Procedure 

To 1 cc. of each neutral unknown containing 0 to 0.25 mg. of canavanine 
are added 0.5 cc. of 1.0 jr phosphate buffer, pH 7.2, and 0.5 cc. of the 
aquoprusside rea^nt. Standards, containing 0.2, 0.5, 0.8, and 1.0 cc. 
of dilute canavanine stock solution, made up to 1.0 cc. ivith water, and a 
reagent blank (1 cc. of water), are treated similarly with phosphate and 
aquoprusside. The solution in each tube is mi.xed thoroughly. The tubes 
are set in a dark closet. A red color develops when canavanine is present. 
After 2 hours, the color is read in either a visual or photoelectric colorim- 
eter. When a spectrophotometer is used, the instrument is adjusted to 
a wave-length setting of X= 520 mp and the blank is set at zero optical 
density. The authors have used a Coleman Junior spectrophotometer 
ndth small cylindrical cuvettes (matched test-tubes 10 mm. in internal 
diameter). The color development took place in the cuvettes, and the 
total volume of 2 cc. was adequate. If the colorimeter or cuvettes avail- 
able require volumes larger than 2 cc., as much as 10 cc. of water may be 
added to the unknown, standards, and blank after the 2 hour period of color 
development. 


Calculation 

The optical density of each standard is plotted against the corresponding 
amount of canavanine. The amount of canavanine in each cc. of unkno^\’n 
is read from the curve so obtained. 

Results 

The optical density curves of the colored canavanine derivative and of the 
reagent blank (both read against water) are indicated in Fig. 1. For 
comparison, the curve given when thiourea replaces canavanine is in- 
cluded. 

The extent to which Beer’s law is followed is indicated in Fig. 2. Results 

indicated in Figs. 1 and 2 were obtained nith a Coleman Jumor spectro- 
photometer. 



R. M. ARCHIBALD 


171 


Optical 



V^velen^th in o^u. 


Fiq. 1. Optical density curves of the products obtained with canavanine and thiou- 
rea, as well as the aquoprusside reagent blank, read against water. Wei^ts refer to 
the amount of substance in 2 cc. of colored solution. The procedure was conducted 
as outlined in the method. The readings were taken after 2 hours standing at room 
temperature. 



Fio. 2. Curve showing the relation of optical density of the product to the amount 
of canavanine in 2 cc. of solution. The procedure was conducted as outlined in the 
method. The readings were taken at a wave-length of 520 nm against the reagent 
blank. 
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Reagents prepared in this manner have had not only the lowest blanks but 
also have been the most active. However, it appears desirable to record 
observations made during the course of the investigation on the nature of 
the compound responsible for the color development in the presence of 
canavamne. 

Active reagents have been prepared by exposing 2 per cent solutions of 
sodium nitroprusside to various kinds of light. Solutions placed in an ojien 
white porcelain evaporating dish and e-vposed to sunlight, or, better still, 
3 inches from a fluorescent desk light, reach maximum activity in 2 to 4 
hours. By use of a quartz mercury vapor lamp, a reagent of satisfactory 
strength can be obtained by 15 minutes irradiation. As had been observed 
with sunlight by Qureshi (16), Baudisch (17), and Lai (18), Prussian blue is 
formed during the prolonged irradiation of nitroprusside solutions. We 
have noted that this formation of colloidal Prussian blue is accompanied by 
a drop in pH from an initial value of 7.0 to 5.5. If this fall is prevented by 
addition of phosphate buffer of pH 7.2, the formation of Prussian blue is 
markedly inhibited without decreasing appreciably the production of the 
desired aquoprusside. Formation of Prussian blue can be decreased still 
further if one uses, instead of strong sources of visible light, the light from 
a cold quartz mercury vapor tube or from other “cold” mercury vapor 
lamps such as those employed commercially for sterilization of air. Light, 
from any source, which has been filtered through Pyrex gjass is relatively 
inacti've in producing the desired aquoprusside reagent. 

The presence of Prussian blue increases the reagent blank. However, 
the colloidal sol can be broken readily by shaking lOO cc. of the solution 
with 1 cc. of alumina gel. Centrifugation yields a brown, active super- 
natant. No Prussian blue is formed when the aquoprusside is prepared 
with HjOj. 

In connection with the effect of light on nitroprusade solutions, the 
observations of Baudisch are pertinent (17). He reported that neutral 
or feebly acid solutions of potassium ferrocyanide, exposed to sunlight or 
to the light from a csubon arc in the absence of Oj, jnelded ferrous ions and 
aquopentacyanoferrite ions.* In the presence of air and light, the yellow 
ferrite compound is o.xidized to the violet ferrate compound. This in turn 
is said to react with ferrous ions to form a complex compound having a pale 
yellow color. Baudisch notes that peroxide compoimds having imusual 
oxidizing power are formed during irradiation in the presence of air. Jus- 
tin-Mueller (20) claims that sodium nitroprusside (NajFe(CN) 5 NO) when 
exposed to ^ and sunlight yields HCN, NaNOj, and NajFej(CN)6. This 
last compound, in the presence of NaOH, yields Prussian blue. Lai (18), 

*This oxidized form U known also 33 sodium pentacyanoaquofcrriate (19) or 
sodium aquopentafenicyanide or sodi um cyaaoaquoprussate. 
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added 2 cc. of blood cells or of plasma or of cysteine (or of water in the 
case of the control). The solutions in the inner compartment weremixed 
with a stirring rod and the units covered and allowed to stand 1 hour. 
Then 1 cc. of N H::SOi was added to the solution in each inner compartment. 
The imits were covered for 2 hours. On addition of 1 cc. of a saturated 
solution of AgSOi in 0.5 K to each of the outer compartments a 

clear solution was observed in the control. In the case of the units which 
contained blood or C3’steine or glutathione, a curdy white precipitate of 
silver cyanide was formed. This precipitate dissolved on addition of an 
equal volume of concentrated HNOj. 

So far, no method has been found for estimating canavanine in urine or 
plasma. There is present in urine some unidentified reducing substance 
which strongly inlubits the development of color with the canavanine 
reagent. Dialysates of plasma prepared according to the technique of 
Hamilton and Archibald (23) contain smaller amounts of this inhibitor. 
Neither urea (5 per cent), NaCl (5 per cent), NH4+, nor creatinine is re- 
sponsible for the observed effect of urine or plasma dialysates. The 
inhibitor is a reducing material and is destroyed in part (as is also can- 
avanine) by preliminary’ oxidation with ceric sulfate or permanganate. 
Preliminary treatment by addition of oxidizing agents such as H-O* or 
persulfate, aeration, extraction with organic solvents, or with Lloyd’s 
reagent, or with charcoal, or by precipitation with lead acetate, has failed 
to make an adequate removal of the interfering substance from a mixture 
of urine and canavanine. Addition of a mixture of potassium gluconate 
and potassium persulfate to give an oxidation-reduction potential equal to 
that of the aquoprusside reagent likewise fmled to permit color develop- 
ment when urine is present. Shaking the urine or plasma dialysate for 2 
hours with an excess of silver sulfate to remove cysteine or glutathione or 
related SH 'compounds decreased the concentration of the inhibitor only 
slightly. 

Attempts to separate canavanine from the interfering substances by 
adsorption have likewise been unsuccessful. Canavanine is quantitatively 
adsorbed on Decalso from an aqueous solution. About 70 per cent of the 
canavanine can be eluted from the permutit by 0.3 per cent NaCl solution 
and 95 per cent by 1 per cent NaCl solution. However, after a mixture of 
canavanine and urine (diluted 1:50) had been passed through Decalso and 
followed bj’ a wash with water, no canavanine could be demonstrated in an 
eluate made with 1 per cent NaCl. 

Super Zeo Dur likewise adsorbs canavanine quantitatively from solution 
and can effect adsorption even in the presence of 3 per cent NaCl solution. 
Elution of canavanine adsorbed from water or saline solutions can be 
accomplished with 0.02 n NaOH. However, such an eluate of a column 
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the amount of canavanine in. the untreated dialysate 'was estimated. The 
results appear in Table I. 

Different aliquots of a solution of purified canavanine were added to 
0.5 cc. portions of a dilution of a dialysate of a preparation of urease and 
the volume was made up to 1 co. with water. The mixture was treated 
with phosphate buffer and aquoprusside reagent as outlined in the pro- 


Table I 


Canacanine Contents of Beans and Urease Preparations 


Source 

CaaAvauIae 

Squibb’s double strength urease prepared 
from jack beans 

I ftr etui 

Preparation 1 

7.38 

7.40 

“ 2 

6.60 

6.55 

" 3 

7.10 

Jack beans 

2.7 

Soy “ 1 

<0.025 

Castor beans 

<0.03 


tasub n 

Recovery of Canavanine Added to Dialysate of Preparation of Urease 


Cao&vaiuBe xdded to dilutlou of 
dUIysite of urc^ 

1 ToUl caruvuine fooad 

1 

Recovery of ^ded cuiarudsc 

mg. 

Utf, 

fiU Uul 

None 

0.0397 


0.0635 

0.1032 

0.1029 

99.8 

0.0953 

0.1350 

0.1350 

100.0 

0.1270 

1 

0.1667 

0.1667 

1 

100.0 


cedure above. Comparison of the optical densities with the standard curve 
(prepared as outlined in the preceding paragraph) indicated the values 
shown in Table II. As might be expected from the manner in which the 
standards are prepared, the accuracy is about as great as that with which 
the standard curve is plotted and read. 


The author is indebted to Aliss E. Stroh for technical assistance. 
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DETEEAUNATION OP CANAVANINB 


SUSQIARY 

1. A quantitative colorimetric method for the determination of 0.01 to 
0.25 mg. of canavanine is outlined. A red color develops Avh6n canavanine 
reacts at pH 7.2 with aquoprusside reagent. 

2. Thiourea yields with aquoprusside reagent a less stable, blue color. 
Other organic sulfur compounds yield blue products which are even more 
unstable. 

3. Human red blood cells, glutathione, and cysteine (but neither plasma 
nor cystine) catalyze the decomposition of sodium nitroprusside to cyanide. 

4. Blood filtrates and urine contain unidentified substances which in- 
hibit the development of the color, so that the method in its present form 
is not applicable to these materials. It appears to be applicable to at least 
some plant extracts. 
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OBSERVATIONS ON SULFUR AAIINO ACID DEFICIENCIES 

IN RAIS 

CHEJnCAL AND MORPHOLOGICAL CHANGES IN THE BLOOD* 
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The earliest indication for the need of an organic sulfur comple.x in the 
diet came in 1915 from the work of Osborne and Mendel (1), who showed 
that when the proportion of casein in the diet of the rat was reduced from 
18 to 9 per cent the resulting impairment of growth could be corrected by 
a supplement of cystine equal to 3 per cent of the casein. This finding 
was confirmed in many laboratories and the role of cystine as a growth 
essential seemed definitely established. However, when in 1932 Jackson 
and Block (2) observed that methionine is also capable of supplementing a 
low casein ration, the growth essentiality of cystine was placed in doubt. 
Later Womack, Kemmerer, and Rose (3) using a synthetic mbcture of 
nineteen amino acids as the protein moiety of an experimental diet con- 
cluded (a) that cystine is not a dietary essential for growth of the immature 
rat, (6) that its presence does not improve the quality of a ration which is 
adequate in methionine, and (c) that in the absence of methionine the ad- 
ministration of cystine fails to promote growth. These observ'ations 
implied an irreversible conversion of methionine into cystine which has 
since been confirmed by the radioactive isotope investigations of Tarver 
and Schmidt (4). More recent e.xperiments by Womack and Rose (5) 
have shown that cystine is capable of stimulating growth only when methi- 
onine is present in suboptknal amounts and that only 16 per cent of the 
methionine requirements can be met bj' cj'stine. 

In apparent contradiction to these growth studies, an e.xtensive study of 
the relationship of dietary cystine and methionine to the blood proteins led 
Whipple and coworkers (6) to conclude that methionine is not an efficient 
substitute for cystine in the regeneration of plasma proteins of experi- 
mentally hypoproteinemic dogs. These observations suggested that under 
certain conditions the rate of biolopcal conversion of methionine is not 

* Aided by granta from the Rockefeller Foundation and the National Live Stock 
and Meat Board. Partial support was also derived under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research 
and Development and New York University. 
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SULFUK AMINO ACID DEFICIENCY 


adequate for the normal biosynthesis of plasma proteins, and prompted us 
to determine the effect of cystine- and methionine-deficient diets on these 
cystine-rich tissues in animals not subjected to plasmapheresis. These 
experiments were performed and the results indicate that the blood pro- 
tein levels of immature and adult rats were not affected by the cystine- 
deficient diet, whereas they were markedly reduced within 100 days by a 
methionine-deficient diet. In view of the known high cystine content of 
blood albumin and globulin, these findings can hardly be interpreted as 
disqualifying cystine as an amino acid essential in the formation of these 
vital proteins, but seem rather to furnish additional evidence for the 
conversion of methionine into required cystine in the animal organism. 
These observations would seem to complement rather than confute those 
of Whippje which in effect indicate that greater nutritional efficiency can be 
gained by feeding the animal such amino acids as are specifically required 
for specific proteins than can be attained from the feeding of biochemical 
counterparts. 


EXPERIMENTAL 

Anvnals — ^The observations reported here were made on immature and 
adult rats derived from a hybrid colony of albino and hooded Norwegian 
rats. The food intake of the control animals was restricted to that of the 
animals on the deficient diets. The animals were kept in individual cages 
which were not designed to prevent coprophagy. 

Preparation of Diels — ^The composition of the diets employed in this 
study is shown in Table I. The protein moiety of the cystine-deficient 
diet (Cy) was obtained by the addition of 1.5 per cent of Z(— )-trypto- 
phane to a neutralized acid hydrolysate of casein previously filtered through 
norit A. This process has been found to reduce the cystine content of the 
casein hydrolysates to 0.05 ± 0.02 per cent. The control for this diet 
(CCy) was derived by supplementation of the protein component of Diet 
Cy with 1.0 per cent of cystine. The protein fraction of the methionine- 
and cystine-deficient diet (SF) was prepared by tryptophane reinforce- 
ment of a hydrogen peroxide-oxidized acid hydrolj'sate of casein (7) which 
contained 0.20 per cent of methionine and 0.17 per cent of cystine by 
analysis (8, 9). The control diet (CSF) was obtained by the addition of 
3.0 per cent of cff-methionine and 1.0 per cent of Z(— j-cj'stine of the protein 
fraction to Diet SF. In order to maintain the protein level of the diets 
constant, the amount of hydrolysate added to the diets was reduced pro- 
portionately to the amount of amino acid supplementation. Owing to 
uncertainties regarding the B complex vitamins, brewers’ yeast was used 
instead of a mixture of the synthetically available components of this 
vitamin group. From analysis in the literature it appears that the 0.4 
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gm. of yeast present in each 10 gm. of these diets provided the animals 
with an additional 1.2 mg. of c^-stine (10) and 8.0 mg. of methionine (11). 
This amount of methionine is apparently not sufficient to cover the needs 
of the immature or adult rat. 

£!ood Analysis — ^The blood samples (1.0 to 2.5 cc.) were all obtained 
by heart puncture and collected over lithium o.'talate in 5 cc. centrifuge 
tubes. After removal of samples for colorimetric hemoglobin determina- 
tion and cell counts, the remainder was centrifuged and the non-protein 


T.vble I 

Compostlton of Diets 



Diet SF 

Diet CSF 

Diet Ci 

Diet CCy 


r" 


tr,. 

(rt. 

Acid-bydrolysed casein* 

0 

0 

15 7 

15.5 

Oxidized casein hydrolysate* . . 

15.7 

15.1 

0 

0 

Brewers’ yesstf 

4 0 

4 0 

4.0 

4.0 

Sucrose . 

14.1 

14.1 

14.1 

14.1 

Starch 

39.3 

39.3 

39.3 

39.3 

Agar 

2 0 

2 0 

2 0 

2.0 

Cnsco 

18 0 

18 0 

18.0 

IS 0 

Cod liver oil substitutef 

47 

4.7 

4 7 

4.7 

Salt mixturef 

2 0 

2 0 

2.0 

2.0 

1(— )-Tryptophane . ., . 

0 23 

0 23 

0.23 

0.23 

i(— )-Cyatine 

0 

0 17 

0 

0.17 

dl'Methionine 


0.47 

0 

0 

Total 

100 0 

lOO 0 

100.0 

100.0 


* N X 6 23 = gm. of protein, 
t Mead Johnson and Company. 

t The salt mixture employed had the folloOTng composition (measured in gm.); 
NaCl 18 9, CaHPOi, anhydrous, 25 0, MgSO,, anhydrous, 6 86, KHCO, HA, KCl 2£3, 
citrate, U. S, P., 2 21, CuSOi, anhydrous, 0 34, MnSO,, anhydrous, 0.15, KI 
0.015, NaFOOS. 

nitrogen and plasma protein estimations performed as previously re- 
ported by us (12). 


Results 

The nutritional adequacy of the diets employed in these studies was 
bioassayed in the immature rat. It will be observed that as might be 
expected the growth value of Diet Cy which contains 16 per cent of pro- 
tein is not improted appreciably by cystine supplementation (Fig. 1). 
It is evident from the data presented in Fig. 2 that Diet SF, constructed 
from tryptophane-supplemented pero.xide-oxidized casein hydrolysate, is 
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clearly deficient in methionine, since nutritional adequacy is restored on 
supplementation with 3 per cent of df-methionine, which provides the 
animals with 26.0 mg. of df-methionine per 5 gm. of the daily ration. 
Since Diets SF and Cy are of similar cystine content, and since Diet Cy 
supports growth in the immature rat (Fig. 1), the growth failure of Diet 
SF must be due to a lack of methionine rather than cystine. 

In appraising the results of the blood studies, attention is called to two 
previous findings (o) that, while a symmetrical reduction in food intake 
(a sequel of paired feeding experiments) results in poor or negative weight 




Fia. 1 Fio. 2 

Fia. 1. The effect of a cystine-deficient diet (denoted by Cy in the rat number) 
and a cystine-supplemented cystine-deficient diet (CCy) on the growth of the im- 
mature rat. The figures in parentheses denote animal weights in gm,; those in 
brackets, the average daily food intake. 

Fig. 2. Growth effect of methionine (denoted by CSF in the rat number; SF in- 
dicates the control diet) on immature rats. The figures in parentheses denote body 
weights of the animals in gm,; those in brackets, the average daily food intake. 


gains of the control animals, it does not affect the hemoglobin or plasma 
protein levels of the blood, and (6) that the plasma protein and non- 
protein nitrogen levels tend to be higher in the adult rats than in the im- 
mature animals (12). Thus, plasma protein values were found to average 
6.4 gm. per cent in the normal adult animals in contrast to 5.2 gm. per cent 
in the immature ones. A comparison of typical values secured for the 
animals on the cystine-deficient and cystine control diet reveals that a 
prolonged cystine deficiency failed to induce a reduction of blood protein 
and cell count levels below those found in the control animals (Table II). 

In contrast to these findings, the animals maintained on the methionine- 
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Table III 

Blood Studies on Rats Maintained on Control Sulfur-Free and on Sulfur-Free Diets 
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Rat 

SF-IS 

o’ 

325 

90 

-150 

8.3 

4.39 

2.96 

1.43 

2.07 

53 

11.6 

8.75 

7300 

Rat 

SF-U 

o' 

303 

120 

-160 

8.9 

4.45 

2.80 

1.65 

1.70 

45 

12.1 

9.18 

5900 

Rat 

SF-6 

9 

250 

130 

-103 

8.4 

4.78 

3.00 

1.78 
1.69 

55 

11.8 

Rat 

SF-5 

9 

106 

126 

-16 

4.95 

4.67 

3.19 

1.48 

2.15 

57 

9.5 

Rat 

SF-4 

o' 

137 

150 

-36 

5.39 

4.92 

3.35 

1.57 

2.13 

54 

11.8 

Rat 

SF-8 

& 

113 

99 

-32 

4.88 

4.60 

3.42 
1.18 
2.90 

72 

12.5 

8.43 

4600 

Wi{/5 

91 

99 

-21 

4.78 

4.52 

2.90 

1.62 

1.78 
33 
11.3 

8.29 

7950 

Rat 

CSF-9 

o’ 

o o o 

O CO f-H O i-H 

IIOIOIO o CO 

CO O CO rH 

« 1 

Rat 

CSF-12 

_ o CO Q o 

o CO io h* -o* 

looco o CO o 

C5 CO »-4 '<P r-i Q 

CS fH 1 »0 

1 00 

Rat 

CSF-10 

9 

240 

125 

-30 

10.0 

6.25 

4.16 

2.09 

1.99 

64 

15.4 

9.42 

7350 


128 

150 

+27 

5.0 

5.45 

3.80 

1.65 

2.30 

62 

16.9 

Rat 

CSF-2 

9 

99 

136 

+39 

5.0 

5.28 

3.69 

1.59 

2.32 

130 

16.2 

7.90 

7400 

! ’ 

u 

105 

99 

+38 

5.0 

5.74 

4.18 
1.56 
2.68 

83 

15.4 

8.18 

6350 
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and cystine-deficient diet (Table III) showed a reduction in total plasma 
proteins which became consistent and striking after 100 days or more of 
this regimen, which provides a total of 26.7 mg. of cj'stine per 10 gm. of 
daily ration. The loss arises principally from a decrease in the albumin 
fraction, which is not of such magnitude as to cause conspicuous changes 
in the albumin-globulin ratios. Furthermore since the marked drop in 
hemoglobin values caused by the methionine-deficient diet is not accom- 
panied by a fall in red blood cell count, the anemia so induced, like that 
of the tryptophane and other nutritional deficiencies, is hypochromic in 
character. 

These experiments indicate that in the presence of methionine, c 3 -stine 
is not a dietary essential for the maintenance of normal blood protein 
levels in the adult and immature rat, but should not be construed as 
attributing a specific antianemic function to methionine. It is also to be 
noted that hjToproteinemia and anemia induced by the methionine de- 
ficiency in the rat are not as severe as that caused bj' a trj'ptophane de- 
ficiency of comparable duration. 

Comments 

The need for cj’stine in the biosynthesis of plasma proteins is pred- 
icated by the relativelj'- high cystine content of the rat plasma proteins. 
Calculations from the diets emploj'ed in these experiments indicate that 
in the absence of methionine normal blood protein formation cannot be 
achieved by immature and adult rats on a respective 13.5 and 27 mg. dailj’- 
intake of cj’stine. It follows therefore that, in the absence of an adequate 
supply of dietary cystine, the cj'stine required for vital proteins must be 
derived from the metabolic conversion of methionine to cj'stine. Our 
experiments, consequently, do not disqualify cystine as an amino acid 
essential in the formation of plasma proteins, but rather constitute addi- 
tional evidence of the transformation of methionine into the needed 
cj’stine. Moreover, the failure of the cystine-deficient diet to lower the 
plasma proteins of the rats would seem to support rather than disprove 
the view of Whipple and his associates that cj'stine qualifies as a key amino 
acid in plasma protein regeneration of experimentally hypoproteinemic 
dogs. Thus, our data demonstrate that cj'stine required for plasma pro- 
tein formation can be derived, when necessary, from dietaiy methionine, 
while WTiipple’s observations suggest that greater nutritional efficiency is 
gained when preformed cj'stine is available to the depleted animal. 

In ^'iew of the low cj'stine content of hemoglobins, it seems reasonable 
to assume that the anemia induced by the methionine- and cj'stine-deficient 
diet results from the dietary lack of methionine rather than cystine. 

Attention is called to our report that two adult males maintained on a 
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diet deficient in both methionine and cystine for 36 days did not reveal any 
significant changes in blood protein (13). The divergence of our findings 
in experiments on the rat and human undoubtedly arises from the 
relatively short duration of the human study. 

In this and previous experiments, we have noted that the growth of 
immature rats on diets prepared with cystine- and tryptophane-supple- 
mented acid digests of casein (14) or mixtures of the crystalline amino 
acids (15) is suboptimal when compared to the growth of immature animals 
maintained on diets made up of amigen or whole casein. Inasmuch as the 
blood protein levels of immature and adult rats maintained on our control 
Diets CCy and CSF and those on Diet CTH (12) of a previous report fall 
well within the range of animals maintained on a stock or amigen diet, it 
can be reasonably assumed that the growth factor deficiency of our diets 
failed to affect appreciably the production of blood tissue in rats within 
the period of the experiments. 


SUMMARY 

It has been found that a cystine-deficient diet does not affect the blood 
protein levels of the immature or adult rat, whereas hypoproteinemia and 
anemia are induced in these animals by a methionine- and cj’stine-deficient 
diet. These findings indicate that in the dietary absence of cystine the 
cystine required for the formation of blood albumins and globulins can be 
derived from methionine. It also appears that the dietary lack of factors, 
which causes suboptimal growth of the immature rats, does not influence 
the blood protein levels of these animals. 
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It is now generally agreed that vitamin Bs is involved in the metabolism 
of amino acids. Certain derivatives of the vitamin function ^ a coenzyme 
in the decarboxylation of tyrosine (1, 2), l 3 rsme (3), arginine (3), and 
glutamic acid (3), and also in transamination reactions (4, 5). Vitamin 
Bs tends to minimize the toxicity observed when d-serine is injected or 
fed by stomach tube (6, 7). Several species of animals excrete xanthu- 
renic acid, when the vitamin Bs content of the diet is inadequate; xanthu- 
renic acid is an abnormal metabolic derivative of tryptophane (8, 9). 
Rats deprived of vitamin Bs develop dermatitis more readily on diets 
containing 30 to 60 per cent of casein than when 15 to 18 per cent is fed 
(10, 11). Mice deprived of vitamin Bs have a higher mortality rate on 
high protein chets than when the protein content of the diet is moderate; 
the amount of vitamin required for a given growth response rises as the 
consumption of protein is increased (9). These observations raised the 
question whether the consumption of protein exerts an adverse effect upon 
the concentration of vitamin Bs within the animal body. 

EXPERmENTAL 

Methods 

Young rats or mice were fed pyridoxine-deficient diets that contained 
10 or 50 per cent of casein, and, after suitable intervals of time, the animals 
were killed and the tissues analyzed microbiologically for vitamin Bs 
(Streptococcus carlsbergensis assay 12). In other series graded amounts 
of pyridoxine were added to the two basal diets fed. Other dietary var- 
iations included changes in the kind of protein or in the other vitamins of 
the B complex (see below). 

All animals were kept in screened cages, the rats singly, the mice in 
groups of three to four. The rats usually weighed 40 to 50 gm. at the 
beginning of the experiment; the mice weighed 9 to 14 gm. They were 

•Published \rith the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Jonathan Bowman Cancer 
Fund and the Wisconsin .Alumni Research Foundation. 
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fed the diets listed in Table I. Periodically the mice were placed for 24 
hours in metabolism cages fitted with an outside feeder and the urine was 
collected under toluene. At first the vitamin Be was determined both m 
diluted unliydrolyzed urine and in aliquots that had been autoclaved for 
1 hour in 0.1 N HCl. However, the same values were obtained with both 
procedures, and hence subsequent determinations were made on unhy- 
drolyzed urine only. 

The tissues were prepared for analysis as follows: the animal was de- 
capitated and allowed to bleed freely. The livers, kidneys, and muscle 
from the hind legs were removed, and the smaller organs, or 1 gm. aliquots 

» 

Table I 


Composition of Rations 

Fed 



Mice 

Rats 


per cent 

per cent 

Casein (alcohoL-extracted) 

10 or 50 

10 or 50 

Corn oil* 

5 

5 

Wesson’s salts 

4 

4 

Cerelosef to 

100 

lOO 


mi. per 100 tm. diet 

ms* 100 diet 

Pyridoxine hydrochloride 

0-1.0 

0-0.25 

Thiamine chloride 

0.3 

0.25 

Calcium pantothenate 

2.0 

2.0 

Riboflavin 

0.6 

0.3 

Nicotinic acid 

0.5 

0.25 

Choline 

50 

100 

Inositol 

50 

100 

p-Aminobenzoic acid 

30 

30 

Cystine 

100 

100 




* 1 volume of halibut liver oil was added to 999 volumes of corn oil. Each rat 
also received 2 drops of halibut liver oil at the start of the e.vperiment. 
t Glucose monohydrate. 


of the larger ones, were weighed immediately and homogenized in a Waring 
blendor for 2 to 3 minutes with 25 ml. of 0.1 n HCl. The samples were 
then diluted to approximately 180 ml. with 0.1 n HCl and autoclaved for 
1 hour at 15 pounds pressure. Essentially the same values were obtained 
uith 0.055 N HCl as with 0.1 n HCl. The samples were cooled and the 
pH adjusted to 5.2, chilled, and the precipitate allowed to coagulate. 
!• iltered aliquots were then added to suitably prepared medium inoculated 
with Slreplococcus carlsbergerisis according to Atkin et al. (12) and the 
turbidity measured after incubating at 30° for 16 hours. A standard curve 
va.s made within the range of 0 to 50 millimicrograms of pyrido.\me per 
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flask with each series of determinations. All manipulations B-ere carried 
out in subdued light. 

The results B'ere expressed as micrograms of pyridoxine per unit weight 
of sample, although it is recognized that pyridcxal and pyridoxamine are 
also present in tissues (13). However, the organism employed in the 
assay responds to aU three forms approximately as higher animals do 
(14), and hence the assay is a measure of vitamin Bs taken collectively. 

Residta 

Effect of Casein on Depletion of Hepatic Vitamin Bs — Weanling mice 
were found to contain 4.4 y of vitamin B 5 per liver or 9.8 y per gm. of liver 
tissue. This corresponds fairly well with the amounts found in the livers 
of other species (12, 15). IVhen vitamin Bs was omitted from the diet, 
the amount in the liver decreased, whether the percentage of casein in. the 


T.<.ble II 

Depletion of Vitamin Btfrom Livers of Mice Fed 10 or 50 Per Cent Casein 




Wits, oa exDcruaest 




2 

3 

5 

7 

s 

12 

10% casein 

Xo. of mice 


3 

4 

4 

4 

5 

3 


.Average weight, gm. 

9.5 

12.8 

13.0 

12.0 

11.3 

nilB 

10.4 



mm 

2.9 

2.9 

3.2 

1.4 

1.1 

0.S7 


“ “ gm. liver, y 

8.3 

4.3 

3.7 

4.2 

2.2 

1.5 

1.25 

50% casein 

Xo. of mice 

3 

3 

2 

-All dead 





Average weight, gm. 

8.7 

8.1 

7.S 






Vitamin B, per liver, y 

3.6 

1.5 

0.85 






l> it «( 

gm. liver, y 

8.5 

1.9 

0.97 






diet was high or low (Table II). The rate of decrease ^Yas much greater on 
the higher level of protein. .After 3 weeks on 50 per cent of casein, mice 
contained only 0.85 y of vitamin Bs per liver (0.97 y per gm.), whereas 
mice on 10 per cent of casein still contained 2.9 y per liver (3.7 y per gm.). 
On the low protein diet a period of 12 necks was required before the con- 
centration of hepatic vitamin Be decreased to the low level reached in only 
3 weeks on 50 per cent of ca-^^ein (Table II). 

In general the changes in the concentration of vitamin Bs per gm. of 
liver tissue paralleled the changes per liver, although some irregularities 
were evident. Thus during the first 2 weeks on 10 per cent of casein the 
mice gained in \Yeight and the livers also increased in size, while the total 
amount of vitamin Bs present per liver decreased by 19 per cent (Table II). 
The concentrations per gm. of liver decreased by 50 per cent during this 
interval. On the 50 per cent casein diet, also, the percentage decreases 
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per gm. of liver were somewhat greater than those per liver, 58 and 77 per 
cent respectively at 2 weeks. Changes in the other organs Avere roughly 
similar to those in the liver. 

The amounts of hepatic vitamin Ba retained when the deficient diets Avere 
fed depended among other things upon the size of the mice at the beginnmg 
of the depletion period (Table III). This effect Avas not very great on 
the diet containing 10 per cent of casein, but on 50 per cent of casern the 
amounts of vitamin Ba in the liver ranged from averages of 1.3 7 to 3.9 7 , 
depending upon Avhether the mice Aveighed 8 or 14 gm. at the beginning of 
the depletion period. Mice of intermediate sizes contained intermediate 
amounts of hepatic vitamin Ba (Table III). The heavier mice on 50 per 
cent of casein contained as much vitamin as those on the Ioav protein diet 
(ca. 4 7 per gm.). Higher levels of casein increased the rate of depletion 


TabiiE III 

Effect of Protein on Depletion of Hepatic Vitamin Bt in Mice of Different Sizes 

(Depletion Period, 3 Weeks) 


Initial might 
of mice 

10 per cent cucin diet 

so per cent casein diet 

VitamSn B« per Uver 

Vitamin Bi per gm. 
Uver 

Vitamin B< pet liver 

Vitamin B« per gm. 
livet 

ttn. 

wmBMm 

y 


y 

8-9 


4.1 


1.8 

9-10 


3.9 


1.5 

10-11 

2.4 (7) 

3.4 


1.7 

11-12 

3.3 (4) 

3.9 


3.3 

12-14 

4.2 ( 6 ) 

4.7 


3.7 

14-17 

4.1 ( 4 ) 

4.1 

3.9 ( 6 ) 

4.3 


The numbers of mice used for each determination are indicated in parentheses. 


of vitamin Ba from adult mice, although more time AA'as required for the 
effect to become evident. After 5 to 9 Aveeks of depletion livers of mice 
fed 10 per cent of casein contained 4.0 7 of vitamin Ba per gm. (2.3 to 5.2), 
as compared to 2.4 7 (1.6 to 3.2) on 50 per cent of casein. Per liver the 
figures Avere 4.3 7 (3.7 to 4.9) and 2.9 7 (1.8 to 2.7) respectively. 

The faster rate of depletion of A'itamin Ba on the high protein diet did 
not appear to be due to an increased loss of vitamin in the urine. Similar 
amoimts of vitamin Ba Avere found in the urine from the low and high 
casein groups: 0.21 and 0.23 7 respectively per adult mouse per day 
after 3 Aveeks, and 0.44 and 0.43 7 after 7 weeks. During the 1st AA'eek 
of depletion Aveanling mice excreted 0.21 and 0.18 7 of vitamin Ba daily 
on the tAA’O diets respectively, Avhile the amoimta during the 3rd week were 
0.12 and 0.15 7 . Nor did the lower amounts of vitamin Ba in the liver 
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appear to be due to a reduction in food bitiLk.e on the liigher level of casein. 
Weanling mice were fed the 10 per cent casein diet in amounts calorically 
equivalent to those consumed by a control group on 50 per cent of casein, 
while a third group received the 10 per cent casein diet ad libitum. During 
a 3 week period the consumpiion of food averaged 2.5 gm. per day per 
10 gm. of mouse on the 10 per cent casein diet, and only 1.44 gm. per day 
on the 50 per cent casein diet. 

The livers of eight mice fed restricted amounts of the 10 per cent casein 
(het contained as much vitamin Bs as those fed the diet ad libitum, 2.5 
and 2.4 y per liver respectively. However, the partially fasted mice had 
the smaller livers, and hence the concentration of vitamin per gm. of 
tissue was actually increased 4.5 and 3.4 y per gm. respectively. Eight 

Table IV 


Storagi of Vitamin S, in Liters of Mice Fed Graded Amounts of Pyridoxine in High 
and Low Protein Diets 


Pyrid< 9 ziae per 
100 diet 

10 per cent OL&da 

1 50 percent cuela 

1 

No. of 
mice 

1 A%enst 
grovth 
per 

! VitAfaia S4 

l 1 

No. ot 
mice { 

1 

Avere^ 
growth 
per vk. 

1 ViUmla Bi 

Ptfr liter j 

Per gax. 
Uver 

Per liver | 

Per pa. 
Uver 

I 


rw. 1 

r 



tta. 

Y 

y 

0 i 

23 

0.8 1 

2.7 


18 

-0.3 

1.9 

2.5 

o.os 

2 

2.3 

6.2 






0.10 

10 i 

2.3 

7.7 


9 

1.3 

6.6 

5.8 

0.25 

13 

2.2 

8.6 

10.1 

13 

2,2 

10.7 


0.50 

'mm 

2.1 

9.5 

9.1 

5 

2.6 

14.7 

12.5 

1.0 


2.2 

9.8 

9.6 


2.6 

14.3 

ll.l 


mice of this series on SO per cent of casein averaged 2.3 y of vitamin Bj 
per gm. of liver tissue. 

Effect of Casein upon Storage of Vitamin Bs — Young mice 8 to 11 gm. 
in weight were fed either the high or the low protein diet nith amoimts 
of pyridoxine ranging from 0 to 1.0 mg. per 100 gm. of diet (Table IV). 
The rations were fed for 3 to 4 weeks and the hepatic vitamin Bs de- 
tenuined. As observed preriously, the mice deprived of pyridoxine lost 
Aveight on 50 per cent of casein, while those on 10 per cent of the protein 
gained weight slightly. Optimal growth, within the limits permitted by 
the diet, was observed on the low protein diet when 0.05 mg. of pyrido.xine 
was added per 100 gm. of ration. On the high protein diet, however, 5 
tunte as much, yf:., 0.25 mg. of pyridoxine, Avere required per 100 gm. of 
ration for a similar growth response (Table IV). This confirms a previous 
obserA'ation that a high protein diet increases the requirement of pyri- 
doxine for the growth of mice (9). 
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A parallel observation was that the hepatic storage of the vitamin on 
low levels of pyridoxine intake was somewhat lower on 50 per cent of 
casein than on 10 per cent of casein; 5.8 as compared to 6.5 7 of vitamin 
Bo per gm. of liver at an intake of 0.1 mg. per 100 gm. of diet (Table IV). 
At higher levels of pyridoxine intake, however, 0.5 to 1.0 mg. per 100 gm., 
the high protein diet actually appeared to promote the storage of the vi- 
tamin. Livers of mice on the low protein diet contained 9.1 to 9.6 7 per 
gm., as compared to 11.1 to 12.5 7 per gm. on 50 per cent of casein. 

Thus dietary protein appeared to exert opposite effects upon the storage 
of hepatic vitamin Ba, depending upon the level of vitamin in the diet. 
At low levels of vitamin intake high protein minimized vitamin storage. 
This may well be a reflection of a greater need for vitamin Bs when large 


Table V 

Effect of Certain Proteins and Amino Acids on Depletion of Vitamin Btfrom Mouse 

Livers (S Weeks) 


Group 

NOe 

1 

1 

No. of mice 

1 

Gain 

per wlc. j 

VllAmm Bi 

Per liver 

Pet gm. liver 





7 

T 


Initial stores 

8 

i 

4.4 

9.8 

1 

10% casein 

7 


2.8 

3.2 

2 

20% “ 

8 

■9 

2.5 

3.3 

3 

20% fibrin 



3.5 

3.6 

4 

20% egg albumin 


mm 

5.2 

5.9 

5 

20% lactalbumin 


1.0 

3.4 

3.3 

6 

50% casein 


-0.4 

2.1 

2.4 

7 

10% “ 4- 0.96% dZ-trypto- 


0.6 

2.7 

3.7 

1 

phane 





8 

10% casein -f amino acids* | 

4 

0.8 

3.3 

5.3 


* Anrino acids a3ded as per cent of diet: i(-f)-glutamio acid 9.12, f-asparagine 2.52, 
f-tyrosine 2.56, dZ-alanine 1.20, dZ-phenylalanine 0.40, glycine 0.22. 


amounts of protein are being metabolized. On the other hand protein 
tended to promote the storage of vitamin Be when the intake of the vitamin 
was high, possibly by increasing the concentration of those substances to 
which the vitamin is attached in the liver. In this connection it is of 
interest that the hepatic storage of riboflavin is also much liigher on high 
protein diets than when the intake of protein is low (16). 

Effect of Other Proteins and Amino Acids — ^The marked effects of casein 
upon the storage of vitamin Bs in the liver raised the question whether 
other proteins produced a similar response. Tryptophane was studied in 
this connection because its metabolism is abnormal in vitamin Be deficiency. 
Accordingly young mice were fed for 3 to 4 weeks on diets deficient in vi- 
tamin Be and containing the proteins or amino acids listed in Table V. 
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20 per cent of fibrin was fed because this amount contains as much trypto- 
phane as 50 per cent of casein (17). For comparison casein, egg albumin, 
and lactalbumin were also fed at the 20 per cent level. The dZ-trypto- 
phane in Group 7, Table V, was calculated to supply as much of the I 
isomer as the “extra” 40 per cent of casein in the 50 per cent casein diet 
(Group 6). The final group (Group 8) contained 10 per cent of casein 
and 16 per cent of a mixture of dZ-alanine, dZ-phenylalanine, Z-tyrosine, 
Z-asparagine, and Z-glutamic acid. These amounts, also, were equivalent 
to the Z acids present in 40 per cent of casein. 

The mice on 50 per cent of casein (Group 6) lost an average of 0.4 gm. 
per week and their livers contained less vitamin Bs than those of Group 1, 
which received 10 per cent of casein. The latter mice gained 0.7 gm. per 
week. All other groups grew at least as well as those on 10 per cent of 
casein, and contained as much vitamin in the liver. On many of the diets 
the original amoimt of vitamin in the liver, 4.4 y, did not decrease much 
during the 3 weeks of the experiment, t.e., to 2.7 to 3.5 y per liver. Per 
gm. of fiver, however, there was a marked decrease in all cases, presumably 
because the mice gained in weight and a limited amount of vitamin, al- 
though conserved rather efficiently, was distributed in more fiver tissue. 
The mice on egg albumin and lactalbumin (Table V, Groups 4 and 5) grew 
best of all, and their fivers were somewhat higher in vitamin Bs than those 
in the other groups. However, these proteins contained 0.017 and 0.013 
mg. of vitamin Bj per 100 gm. of ration, and hence the favorable effects 
observed are presumably without significance. 

It was evident, however, that tryptophane was not the main factor 
responsible for the depletion of the vitamin from the fiver of mice on high 
protein diets. "When dZ-tryptophane was added to a 10 per cent casein 
diet, groudh and storage were very similar to thcee when the tryptophane 
was omitted (Table V, Groups 7 and 1). On fibrin (Group 3), which is 
high in tryptophane, growth and storage were actually improved somewhat. 
The amino acid mixture (Group 8) did not affect growth or the storage of 
the vitamin, although the fivers decreased in size and hence the concentra- 
tion of vitamin Bj per gm. of fiver appeared to be increased. 

Faily Livers — ^Alany of the mice on the diets low in vitamin Bs devel- 
oped pale, friable, fatty fivers. This condition appeared much more 
rapidly on the high casein diet than on that containing only 10 per cent of 
casein (Table ^T) and, in general, seemed to parallel the other evidences of 
a severe vitamin Bj deficiency such as loss in weight and a low concentration 
of vitamin in the tissues. The addition of tryptophane to the diet either 
as the dl acid or as fibrin tended to hasten fatty fiver formation. 

Preliminary' analyses indicated that roughly 15 per cent of the fresh 
weight of such fivers was extractable with ether. lYhen a fatty liver was 
homogenized in acid for vitamin Bj analysis, an extremely cloudy and stable 
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emulsion resulted, which, however, was broken after autoclaving and 
neutralization to pH 5.2. The filtered aliquots added to the culture tubes 
were clear. Nevertheless, the question arose whether the presence of fat 
mi^t have interfered with the assay for vitanun Bo. According\> four 
large livers from normal mice were minced and divided into two portions 
each. The first was analyzed directly; the second (ca. 0.6 gm.) was added 
to 1 ml. of corn oil prior to homogenization and extraction. In no case 
did the presence of this added fat alter the results of the analysis for 
vitamin B«, and hence the low levels of the vitamin found in the livers of 
mice fed 50 per cent of casein were regarded as real. 

Table VI 


Fatly Livers in Mice Fed Diets Deficient in Vitamin Bt 



Wlu. on 
eipctimcnt 

No. ot mice 

No. wiOi 
laity liveM* 

Per cent 

10% caaein 

3-1 

31 

0 

0 

10% “ 

7 

4 

1 

25 

10% “ 

8 

5 

2 

40 

10% “ 

12 

4 

4 

100 

50% » 

3-4 

30 

16 

63 

10% “ + dl-tryptophane 

3*^ 

n 

3 

27 

20% fibrin 

3-4 


2 

29 

20% egg albumin 

3-4 


4 

lOO 

20% lactalbumin 

3-i 


0 

0 

20% casein 

20% “ + biotin t + Lactobacillus 

3-4 


0 

0 

casei faotort 

20% casein + biotinf + L. casei faotorf 

3^ 


0 

0 

+ 0.6% Buccinylsulfathiazolo 

3-4 



0 


* Baaed only on the gross appearance of the livers. 
1 6 -y per gm. 


Vitamin Be in the Rat — Weanling rats were deprived of vitamin Be for 
10 weeks on diets containing 10 or 50 per cent of casein, and the tissues 
analyzed as before. Control animals received 2.5 y of pyridoxine per gm. 
of diet. In contrast to the results with mice, the high protein diet did 
not hasten the depletion of vitamin Bg from the tissues of the rats (Table 
VII), nor was the storage of the vitamin affected at a comparatively high 
level of pyrido.xine intake. The rats receiving pyridoxine and 50 per cent 
of casein grew better than those on 10 per cent of casein, and they also 
had larger livers and kidneys. Accordingly the vitamin content per 
organ was greatest on the high protein diet, but the vitamin content per 
gm. of tissue was almost identical on the two levels of casein (Table VII). 
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Analyses after 5 weeks on the various diets yielded results very s imil a r 
to those after 10 weeks, and the variations in the vitamin content of the 
kidneys and muscle tended to parallel those in the liver; these tissues con- 
tained roughly one-half and one-third, respectively, as much vita min Bs 
as the liver. 

The failure of the high casein diet to alter the concentration of vitamin 
Bj in rat tissue has a counterpart in the observation that the survival of 
the pyridoxine-deficient rat is affected only slightly, if at all, by an increase 
in dietary casein (9, 18). Young nuce, on the contrary, lose their stored 
vitamin more rapidly (Table II) and have a higher mortality rate when 
the level of casein in the diet is increased. 


Table Vll 

Effect of Casein upon Vitamin Content of Rat Tissues (Sail Depleted of Vitamin Eg 

for 10 Weeks) 



Glia 
per wk. 

1 

VitJuab B« per ca. 

Vltisib E4 per 
orsaia 

liver 

Eidaeys 

Klucle 

liver 

Sidneys 


tm. 

1 

1 

7 

7 

7 

Initial stores 


10.6 

6.5 

5.6 

40.7 

5.5 

10% casein, no B| 

4 1 

5.1 

2.6 

1.8 

29 

2.9 

50% “ " “ 

3 

4.1 

2.4 

■SI 

25.3 

3.3 

10% “ 2.57 Bs per gm. 

12 

13.8 

6.7 


87 

9.1 

50% “ 2.5“ “ “ “ 

20 

14.0 

5.3 


149 

11.9 


SUMMABT 

1. Young mice were fed diets deficient in vitamin Bj and the tissue 
reserves of the vitamin foimd to diminish much more rapidly on 50 per 
cent of casein than when the diet contained 10 per cent of casein. Young 
mice were more sensitive to the protein than older ones. ’The mice on 
high protein lost more weight and had a higher mortality rate than those 
on the low protein <fiet. 

2. The effect was not due to variation in caloric intake or to unequal 
urinary excretion of the vitamin or to the tryptophane content of the 
diets. Many of the severely deficient mice developed fatty livers. 

3. The concentration of vitamin Bs in the tissues increased progresdvely 
with increasing consumption of pyridoxine. At low levels of vitamin 
intake less vitamin was stored on the high protein diet. At relatively 
high levels of pyridoxine intake, however, the high protein diet favored 
the storage of the vita min . 

4. The level of casein in the diet did not appear to affect either the storage 
or the depletion of vit amin Bs from the tissues of rats. 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 

IX. STEPWISE DEGR.\r>.\TIOX OF THE SIDE CHAIN OF 3(a), 11(a)- 
DIHYDROXYCHOL.\NIC ACID* 


By WILLLAM P. LONG, CHARLES W. MARSHALL, 

AXD T. F. GALL.AGHER 

(Front the Department of Biochemistry, Unhersity of Chicago, Chicago) 
(Received for publication, May 23, 1946) 


The present report deals with the stepwise removal of the side chain of 
3(a),ll(Q!)-dihydroxycholanic acid I (1) and the preparation of the cor- 
responding etio acid II. 



The procedure devised by Barbier and Locquin (2) and applied first to the 
degradation of cholanic acid by Wieland, Schlichting, and Jacobi (3) was 
employed. This method has been shonm to be generally applicable to 
various hydro-xylated bile acids, especially by Hoehn and Mason (4, 5) 
and by Reichstein and his colleagues (6-8). The pertinent literature is 
cited in the publications of these authors. 


EXPERIilENT.AL^ 

3(a), 11 (a)-DiaceloxyhisnoTcholanyldi'phenylelhylene — ^20.0 gm. (0.05 

mole) of methyl 3(a),ll(a)-dihydrosycholanate (m.p. 126-130°) dissolved 

• Part of the work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. The expenses of part of the work were 
defrayed by a grant from Memorial Hospital, for w hich we wish to express our thanks. 

* All melting points are corrected. The microanalyses were performed by Joseph 
Alicino (J. A.), The Squibb Institute for Medical Research, New Brunswick, New 
Jersey, by Dr. .Adelbert Elek (EIek),The Rockefeller Institute for Medical Research, 
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in 650 ml. of anhydrous benzene were added to a solution of 20 mole 
equivalents (1.0 mole) of phenyl magnesium bromide (previously filtered 
to remove particles of metallic magnesium) in 400 ml. of ether and 500 ml. 
of benzene. The reaction mixture was heated under a reflux with stirring for 
24 hours in an atmosphere of nitrogen, cooled, poured on ice, and acidified 
wth 10 per cent sulfuric acid. The aqueous phase was separated and 
reextracted twice with ether. The organic solvent was washed wth 
dilute hydrochloric acid, dilute sodium carbonate, and with water. The 
solvents were removed by distillation and the oily residue distilled with 
steam until 6.5 liters of distillate had been collected. The aqueous layer 
Avas decanted, the residual oil dissolved in 250 ml. of ethanol, 50 ml. of 
4 N sodium hydroxide added, and the solution heated under a reflux for 
15 minutes. 250 ml. of water were added and the alcohol removed by 
distillation. The residue was extracted with ether. The ether solution 
was extracted AAuth 4 per cent sodium hydro.xide, washed w'ith water, dried 
over sodium sulfate, and the ether removed. The crude carbinol, after 
drying, w’as heated under a reflux for 1 hour with 150 ml. of glacial acetic 
acid; 25 ml. of acetic anliydride were added and heating was continued for 
another ^ hour. The solution was cooled to 15° and 1.0 ml. of 70 per cent 
perchloric acid in 25 ml. of glacial acetic acid added.* After standing in 
an ice bath for 15 minutes, 5 ml. of water were added slowly to the chilled 
solution. The reaction mixture Avas then diluted Avith Avater and ether, 
neutralized Avith 10 per cent sodium carbonate, and extracted Avith ether. 
The ether was washed with AA-ater, dried over sodium sulfate, and the sol- 
vent removed. The residue crj'stallized from ethanol and 19.8 gm. of 
crude product melting at 127-133° Avere obtained. The second crop 
Aveighed 2.6 gm. and melted at 103-119°. The pure product, after re- 
crystallization from ethanol, formed platelets melting at 148-149°; 
[cx]l* = +21° (CHCh). 

CioHijOi. Calculated, C 80.48, H 8.78; found (J. A.). C S0.42, H 8.88 

From the alkaline hydrolysate of the cmde carbinol, 3.2 gm. (15 per cent) 
of unchanged 3(a) , ll(a)-dihydroxycholanic acid Avere isolated and purified 
as the methyl ester. 

S(cc) ,ll{a)-Dihydroxybisnorcholanyldiphenylethylene Avas obtained by 
alkaline hydrolysis of the diacetate. It crystallized in clusters of prisms 
from methanol, m.p. 177-179°; [a]“ = -1-35° (CHCI 3 ). 

CajHjsOj. Calculated, C-S4.32, H 9.44; found (Elek), C 84.41, H 9.60 


by JohnDe Lucia (J.DeL.), New York, and by Professor A. J. Haagen-Smit (H.-S.), 
California Institute of Technology. We wsh to express our appreciation for this 
service. 

“ Schwenk, E., and Whitman, B., personal communication. 
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3(,a),ll(a)-Dihydroxynorcholanic Acid — 8.65 gm. of 3(ot),ll(a)-diace- 
toxybisnorcholanyldiphenylethylene were dissolved in 20 ml. of redistilled 
chloroform and 120 ml. of glacial acetic acid redistilled from CrOj. 53.5 
ml. of 3.26 N CrOi in 75 per cent acetic acid were acidified with a solution 
of 6 ml. of 10 per cent sulfuric acid in 20 ml. of redistilled glacial acetic acid 
and added dropwise with stirring at 1-3° over a period of 30 minutes. The 
e.\-cess CrOj was reduced with aqueous sodium bisulfite, and the reaction 
nuxtme buffered with sodium acetate and distilled with steam imtil 3 liters 
of distillate were collected. The non-volatile residue was extracted with 
ether-ethyl acetate 1:1 and washed with dilute hydrochloric acid and with 
water. The solvent was removed, the residue was dissolved in 250 ml. of 
ethanol, 50 ml. of 4 N sodium hydroxide were added, and the solution was 
heated under a reflux for 15 minutes. 500 ml. of water were added and the 
alcohol was removed. The aqueous alkaline residue was diluted with 
water, extracted with ether, and the combined ethereal e.xtracta were 
counter-extracted twice with 4 per cent sodium hydroxide. The alkaline 
e.xtracts were combined, covered with ether-ethyl acetate 1:1, and acidified 
with hydrochloric acid. The aqueous acid phase was e.xtracted with 
ether-ethyl acetate mixture, washed with water, and dried over sodium 
sulfate. The product crystallized during removal of the solvent, the 
crude product weighing 3.2 gm. and melting at 217-223°. The mother 
liquors yielded four more crops totaling 770 mg. The pure acid, after 
recrystallization from ethyl acetate as long prisms, melted at 226-227°; 
[a\l* = +17° (CHCl,). 

CaHnO,. Calculated, C 72.98, H 10.10; found (J. De L.), C 72.93, H 10.20 

For preparative purposes it is preferable to oxidize the crude oily 3(a),- 
ll(a)-diacetoxj'bisnorcholanyldiphenylethylene directly without isolation 
of the intermediates. It was foimd advantageous to cany out the o.xidation 
for from 3 to 5 hours at 0-3° and to isolate the product as before. Con- 
siderably better over-all yields were obtained in this way. 

Methyl 3(a) ,llia) -dihydroxy norcholanale, prepared with diazomethane, 
crystallized from acetone-petroleum ether as large transparent prisms 
melting at 158.5-160°; [a]S* = +15° (CHClj). 

C.|H„0,. Calculated, C 73.17, H 10.23; found (J. A.), C 73JI, H 10.33 

3(a) ,ll(a)-Diacetoxynorcholanic acid can be isolated directly from 
the CrOj oxidation of 3(a),ll(a)-diacetox3-bisnorcholanyldiphenylethy- 
lene but the extraction from an organic solvent by aqueous base results in 
the formation of troublesome emulsions, since the sodium salt is very 
sparingly soluble in water. The compound is readily prepared by acety- 
lation of the dih 3 ’droxj' acid with acetic anh\-dride and IICIO^. The 
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pure acid crystallized from ethyl acetate-petroleum ether as slender prisms 
melting at 191-193°; = -h35° (CIICI 3 ). 

C:7ll«0,. Calculated, C 70.11, II 9.15; found (J. A.), C 69.79, II 8.92 

Methyl 3(a) ,ll{a)-diaceloxynorcholanate, prepared with diazomethane, 
crystallized in platelets and melted at 131-132°; [a]” = -{-4-1° (CHClj). 

C2sH., 0.. Calculated, G 70.55, H 9.31; found (J. A.), G 70.65, H 9.21 

S{a) ,H(a)-DihydroxynoTcholanyl Phenyl 24-Kclonc — ^The neutral non- 
crystalline residues from the oxidation of several lots of cnide 3,11-dia- 
cetoxybisnorcholanj’ldiphenylcthylene obtained from the Grignard reaction 
directly without isolation of intermediates were combined, saponified, and 
separated into ketonic and non-ketonic fractions by means of the Girard 
Reagent T. The ketonic fraction on standing in ethyl acetate-petroleum 
ether mixture deposited a crj'stalline product melting at 177-191°. Re- 
crystallization from ethanol yielded clusters of tiny needles, m.p. 196- 
197.5°; [«]“ = 4-16° (CHCI 3 ). 

C 3 ttH,.Oj. Calculated, G 79.60, H 9.80; found (Elck), C 79.4S, H 9.79 

3(a) ,ll(a)-Diacetoxynorcholanyl phenyl 24-ketone was prepared by acety- 
lation of the dihych'oxy ketone with acetic anhydride and HCIO 4 . Re- 
crystallization from methanol and from ethanol yielded plates, m.p. 
133-134°; [«]“ = -f 9° (CHCI 3 ). 

Cj.HisOs. Calculated, C 76.08, H 9,01; found (Elek), C 76.12, H 9.10 

S(a) ,1 1 (a)-Diaeetoxyternorcholanyldiphenylethylenc — 22.1 gra. (0.056 
mole) of methyl 3(a) ,ll(a)-dih 3 ’dro.xynorcholanate (m.p. 157-158°) were 
dissolved in 1000 ml. of hot anhj'drous benzene and added to a solution 
of 27 mole equivalents (1.48 moles) of phenyl magnesium bromide, free of 
magnesium particles, in 600 ml. of ether and 500 nd. of benzene. The 
reaction was carried out and the product isolated in the same manner as 
with the bisnorcholanyldiphenylethylene. The product ciystallized direct- 
ly from the acetic acid-acetic anhydride solution after addition of HClOi. 
The precipitation was completed by slow addition of water and the crude 
product recrystallized from ethanol. 26.4 gm. were obtained. The pure 
compound crystallized in platelets from ethanol and melted at 205-206°; 
[off = -f 96° (CHCI 3 ). 

CiiHsaO,. Calculated, C 80.37, H 8.65; found (Elek), C 80.57, H 8.65 

From the alkaline hydrolysate of the crude carbinol 700 mg. of unchanged 
3(a),ll(a)-dihydroxynorcholanic acid were isolated and purified as the 
methyl ester. 

3(a),ll(a)-Dihydroxyternorcholanyldiphenijlethijle?ie was obtained by 
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alkaline hydrolj'sis of the diacetate. It crystallized from ethyl acetate- 
petroleum ether in clusters of needles melting at 176.5-177°; [a]? = 4-138° 
(CHCli). 

CjiHuOs. Calculated, C S1.29, H 0.30; found (Elek), C 84.33, H 9.45 

3(a),llia)-DihydroxybisnorchoIanic Acid — 27.97 gm. of 3(a),ll(ot)- 
diacetoxytemorcholanyldiphenylethylene were dissolved in 1750 ml. of 
glacial acetic acid redistilled from CrOj. 167 ml. of 3.46 n CrOj in 75 
per cent acetic acid were acidified with a solution of 5.6 ml. of concentrated 
H:SOi in 50 ml. of redistilled glacial acetic acid and added droptrise -nith 
stirring at 25-30° over a period of 3 hours. Stirring was continued for an 
additional 4 hours. After chilling to 5°, the excess CrOj was reduced with 
aqueous sodium bisulfite. The reaction mixture was buffered with sodium 
acetate and distilled with steam until 9 liters of distillate were collected. 
The non-voIatile fraction was e.xtracted with ether and the ethereal solution, 
after being washed three times with dilute hydrochloric acid and with 
water, was evaporated to dryness. The oily residue was saponified with 
230 ml. of 4 N NaOH in 650 ml. of ethanol under a reflux for 1 hour. 500 
ml. of water were added and the alcohol distilled. The acid was isolated in 
the same manner as the nor acid, except that ether alone was used to e.x- 
tract the crude acid. Upon removal of the solvent crystallization oc- 
curred. The crude product melted at 252-256° and 11.7 gm. were ob- 
tained. An additional 0.53 gm. of product was obtained from the mother 
liquors by conversion to the methyl ester and chromatographing on AliOj. 
The pure product after recrystallization from ethyl acetate-petroleum ether 
and from ether formed small transparent prisms which melted at 231— 
233° and after cooling crystallized again and remelted at 254-257°. Eapid 
crystallization from hot concentrated solution in either ethyl acetate or 
acetone yielded irregular plates which melted at 258-260°. Both crystal 
forms had the same specific rotation, [a]^ = — 8° (ethanol). 

CaHj.Oi. Calculated, C 72.49, H 9.96; found (J. A.), C 72.48, H 9.93 

Methyl S{a) ,ll(a)-dihydroxybisnorcholanale, prepared with diazo- 
methane, crj-stallized as platelets, m.p. 209-210°; [a]? = —9° (CHClj). 

CaHj.Oi. Calculated, C 12.9S, H 10.10; found fJ. De L.), C 732», H 10.31 

3(fic) ,ll(fic)-Diaceloxybisncrcholanic Acid — This product is best prepared 
by acetylation of the dihydro.xy acid in glacial acetic acid with acetic 
anhydride and perchloric acid, since like the nor acid it forms an insoluble 
sodium salt. The acetylation mixture was diluted with ether and water 
and washed irith water to remove most of the acetic acid. The ethereal 
solution was extracted four times with 1.5 per cent sodium carbonate and 
twice with water. Each alkaline and water e.xtract was introduced at once 
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into a hydrochloric acid-ico slurry covered mth ether. The sodium salt is 
very sparingly soluble in water and a minimum of 500 ml. of 1.5 per cent 
sodium carbonate per gm. of the diacetoxy acid must be used to extract this 
acid from organic solvents if emulsions and precipitation are to be avoided. 
The aqueous acid phase was extracted with ether and reextracted tmce 
with the same solvent. The ether extracts were washed with water, dried 
over sodium sulfate, and the solvent removed. The pure acid crystal- 
lized from ethyl acetate-petroleum ether, from ethanol, and from acetone- 
petroleum ether as glittering platelets melting at 211-212.5°; [q!]“ = —22.5° 
(CHCI3). 

C„H 4 oO,. Calculated, C 69.60, H 8.99; found (J. A.), C 69.57, H 9.02 

Methyl S{oi) ,ll{a)-diacetoxyhisnorcholanate was prepared from the 
diacetoxy acid \\ith diazomethane and crystallized from methanol as 
platelets melting at 136-138°; [a]n* = —16.2° (CHCI3). 

CjtH.iO,. Calculated, C 70.11, H 9.15; found (J. Do L.), C 69.94, H 9.05 

1 ,l-Diphenylvielhyl-(8(a) ,11 {a)-dihydroxyetiocholanyl)ethylene — ^22.5 gm. 
(0.06 mole) of methyl 3(a) , H(a)-dihydroxybisnorcholanate were dissolved in 
1500 ml. of hot a:^ydrous benzene and added to a solution of 20 mole 
equivalents (1,2 moles) of phenyl magnesium bromide, free of metallic 
magnesium, in 450 ml. of ether and 500 ml. of benzene. The reaction 
mixture was heated under a reflux with stirring for 45 hours in an atmosphere 
of nitrogen, and the crude carbinol isolated as in the previous experiments. 
1.6 gm. (7 per cent) of unchanged 3(a),ll(a)-dihydro.xybisnorcholanic acid 
were recovered. Dehydration of the carbinol was effected by the con- 
tinuous distillation of a benzene solution with 600 mg. of iodine for 4 hours. 
52 per cent of the calculated amount of water was measured in the distillate. 
The benzene solution was diluted Avith ethyl acetate, washed with sodium 
thiosulfate and mth water, di'ied over sodium sulfate, and the solvents 
removed by distillation. The residue cr3^stallized from ethyl acetate and 
14.54 gm. of crude product, melting at 229-231°, were obtained in the 
first crop. The mother liquors crj’stallized poorly but on chromato- 
graphing on A1203, an additional 3.87 gm. of crystalline product were ob- 
tained. Recrystallization from ethanol yielded slender prisms melting at 
234r-235.5°; [a]V = -b285° (CHCI,). 

ChH«Oi. Calculated, C 84.26, H 9.17; found (J. A.), C 84.24, H 9.03 

1 ,l-Diphenylmethyl-(S(,a) ,11 ((x)-diacetoxyeHocholanyl)ethylene was pre- 
pared by acetylation of the dihydro.xy compound with acetic anhydride 
and HCIO4 and crystallized from methanol, m.p. 186.5-187.5°; [a]o* 
+206° (CHCI,). 

CjjH^.Oj. Calculated, C 80.24, H 8.51; found (J. A.), C 79.93, H 8.39 
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3{a),ll{a)-Diaceloxy-20-Ixt(rpregnane — 5.0 gm. of 1 , l-diphenylmetliyl- 
{3(a),ll(a)-diacetoxyetiocholanyl)ethylene were dissolved in 400 ml. of 
anhydrous methanol-ethyl acetate 1:1.* The solution was chilled to — 30° 
and 5 mole equivalents of ozone in a 6 per cent stream were passed through 
the solution. The solution was transferred to a chilled hydrogenation 
vessel and shaken in an atmosphere of hj'drogen with 5.0 gm. of a 5 per cent 
palladium-calcium carbonate catalyst until the uptake of hydrogen ceased. 
This was generally effected in 15 minutes. The catalyst was filtered, and 
the solvent was removed bj' distillation. The light yellow mass crystallized 
readily but it was found preferable to separate the product into ketonic and 
non-ketonic fractions by means of the Girard Reagent T. 3.8 gm. of 
ketonic material were obtained which was crystallized from ethyl acetate 
as prisma, m.p. 147-148.5°; [a]? = -1-74° (CHClj). 2.79 gm. were ob- 
tained (76 per cent). 

CjiHjiO,. Calculated. C 71.74, H 9.15; found (H.-S.), C 71.82, H 9.14 

3(a) ,11 (a)-Dihydroxy-20-kelopreg7iane was prepared from the diacetate 
by hj’drolysis at room temperature with 2 k NaOH in 75 per cent ethanol. 
The product was ciystallized from ethyl acetate and ethyl acetate-petro- 
leum ether as platelets, m.p. 182.5-184°; = -(-96° (CHClj). 

CuHuOi. Calculated, C 75.40, H 10.25; found (J. A.), C 75.53, H 9.97 

3,11 ,20-TrilxUrpTegnane. — 175 mg. of 3(a) ,ll(o£)-dihydro5:j’-20-keto- 
pregnane were dissolved in 5.0 ml. of glacial acetic acid which had been re- 
distilled from CrOj, the solution was chilled until incipient crj’staUization, 
and 208 mg. of CrOj in 8.0 ml. of 75 per cent acetic acid were added. The 
nuxture was stored at 4° for 16 hours and the excess CrOi was reduced with 
sodium bisulfite. The solution was poured into water and e.xtracted 
thoroughly with ether. The ether solution was washed with dilute sulfuric 
acid, dilute sodium bicarbonate solution, and with water, dried over sodium 
sulfate, and the ether removed. The residue was crystallized from ether 
and from ethyl acetate-petroleum ether as long needles, m.p. 157.5-159°; 
MS’ = -bl21° (acetone). Hegner and Reichstein (9) report a melting 
point of 154-156° and la]o = -1-119.5° (acetone). 

C:iHkOj. Calculated, C 76.32, H 9.15; found (J. A.), C 7620, H 9.16 

3(a),ll{a)-DihydToxy-20-}:elo-2I-bcnzal-preynane — 1.0 gm. of 3(a), 11- 
(a)-dibydroxy-20-ketopregnane was dissolved in 15 ml. of absolute ethanol 
and chilled to —15°, care being taken to exclude moisture. 15 ml. of a 3 
per cent sodium etho.xide solution chilled to 0° were added and the mixture 

* ThU solvent mixture was suggested to us by Dr. Kendall and Dr. Turner of the 
Mayo Foundation. It has proved highly satisfactory in various oionolyaes and we 
wish to express our appreciation for the suggestion. 
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chilled to —15°. 1.0 ml. of cold (0°) freshly redistilled benzaldehyde was 
slowly added and the reaction mixture, immersed in an ice-salt bath, was 
allowed to warm to — 3° in the course of 18 hours. The solution was poured 
into ice water and ether, and reextracted twice with ether. The ether 
solution -was washed with water and, after drj’ing with sodium sulfate, the 
ether was removed and the cnide product crystallized as white needles re- 
taining some benzaldehyde. The product was recrystallized from ethyl 
acetate, yielding 1.05 gm. with a melting point of 215-217°. The pure 
product crystallized from benzene and from acetone as clumps of needles, 
m.p. 219-220°; Md* = +107° (absolute ethanol); +86° (CHClj). 

CjsHjsO,. Calculated, C 79.57, H 9.06; found (H.-S.), C 79.93, H 8.96 

S{oi) ,11 (a)-Diaceloxy-20-keio-21-benzalpregnane — 250 mg. of 3(a), 11(a)- 
dihydroxy-20-keto-21-benzalpregnane were acetylated by heating with 2.0 
ml. of acetic anhydride and 0.25 ml. of pyridine for 1 hour. The reactiou 
mixture was poured into w'ater and after standing for a short interval crys- 
tallized. It was recrystallized from ethyl acetate-petroleum ether aslong 
needles, m.p. 162-163°; [a]o* = +55° (absolute ethanol); +71° (CHCU). 

CasHuOj. Calculated, C 75.85, H 8.35; found (H.-S.), C 75.86, H 8.52 

S{a) ,ll{a)-Dihydroxyetiocholanic Acid — 0.97 gm. of 3(a), 11(a)' 
diacetoxy-20-keto-21-benzalpregnane (1.92 millimoles, m.p. 162-163°) was 
dissolved in 400 ml. of anhydrous methanol-ethyl acetate 1:1, the solution 
was chilled to —45°, and 8 mole equivalents of ozone were passed through 
the solution in a 6 per cent stream. The solution was transferred to a 
chilled hydrogenation vessel and shaken in an atmosphere of hydrogen mth 
5.0 gm. of a 5 per cent palladium-calcium carbonate catalyst until the up- 
take of hydrogen had ceased. The catalyst was filtered and the solvent 
removed by distillation under diminished pressure. The yellowish gummy 
residue was dissolved in 45 ml. of redistilled ethanol, 9.6 ml. of 2 N periodic 
acid were added, and the solution stored at room temperature for 40 hours. 
The reaction mixture ivas diluted with water and the alcohol removed by 
distillation. The residue was extracted with ether, and the ethereal solu- 
tion washed with dilute brine and then three times with 1 N sodium hy- 
droxide solution. The alkaline solution was heated on the steam bath for 
1 hour and acidified with dilute hydrochloric acid and extracted thoroughly 
with ether. The ether extracts were combined, w^ashed with dilute brine, 
and dried over sodium sulfate. After removal of the solvent the residue 
was crystallized from benzene and from dilute ethanol as long needles and 
from ethyl acetate as clusters of soft needles, m.p. 259-251°; [a]^* = +60° 
(95 per cent ethanol). The compound holds solvent tenaciously and in- 
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variably gave low carbon values despite exhaustive drying. 485 mg. were 
obtained (75 per cent). 

CjcH«0,. Calcutated, C 71.39, H 9.59; found (Elek), C 70.76, H 9.53 

Methyl S{a) ,ll{a)-dihydroxyetiocholanate was prepared from the acid 
■nith diazomethane. It crj-stahized from ethyl acetate-petroleum ether 
mixtures as clusters of tiny needles, m.p. 159-160°; [a]? = -f 55.6° (CHClj). 

C-iHj.O,. Calculated, C 71.96, H 9.78; found (J. A.), C 71.99, H 9.57 

Methyl Sia) ,ll(a)-diacetoxyeliocholanate was prepared from the methyl 
ester by acetj’lation with acetic anhydride, perchloric acid being used as 
catalj’st. Crj’stallized from ethyl acetate-petroleum ether it formed 
needles, m.p. 169.5-171°; [a]? = 4-46.3° (CHaj). 

CaH„0,. Calculated, C 69.10, H 8.81; found (H.-S.), C 69.21, H 9.09 
DISCHSSIOX 

In a series of reactions involving eighteen steps it is not e.xpected that 
the over-aU yield uill be high, although the jdeld in the individual opera- 
tions may be satisfactory. In the present investigation only one yield 
lower than 70 per cent of calculated was encountered. This was the con- 
version of the bisnor ester to the 1 , l-diphenylmethyl-(3(a) ,ll(ct)-dihydroxy- 
etiocholanyl)ethylene, when 64 per cent was obtained. Nevertheless the 
over-all jield, if saponifications and esterifications are disregarded, was only 
slightly in e.xcess of 9 per cent and even this figure could not be achieved 
without resort to chromatographic purification. Although these figures 
are higher than the majority of results recorded in the literature, it is ob- 
vious that a more efficient procedure is highly desirable and that the present 
methods were justifiable only on the ground that they were the only ones 
available. The recent experiments of hleystre. Trey, Wettstein, and 
hliescher (10) and of Meystre, Ehmann, Neher, and Miescher (11) indicate 
that a great improvement in jield to the stage of the 20-ketopregnane deriv- 
ative can be achieved with deso.xycholic acid over the methyletioCholanyl- 
1 , 1-diphenylbutadiene derivative and further reports on the extension of 
this procedure will be of great interest. 

Meystre el d. (10) have recorded the absorption spectrum of 3 , 12-dia- 
cetoxybisnorcholanyldiphenylethylene. Fig. 1 offers a comparison of the 
ultraxiolet absorption curves for the three diphenylethylenes described in 
this report. It is interesting to note the very marked decrease in intensity 
of the absorption for the diphenyhnethj'letiocholanylethylene (Curve 3) as 
contrasted with either the temor- or bisnordiphenylethylenes (Curves 1 and 
2) . Together with this diminution there is a definite sMt of the absorption 
in . aximiiTn toward shorter wave-length. These changes in intensity and 
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wave-length of the maximum are very probably explained by steric effects, 
since the presence of both the methyl and etiocholanyl groups on the di- 
phenylethylene chromophore would markedly increase the strain in the 
coplanar configuration and thereby inliibit the resonance of the compound. 
This effect has been recently discussed by Remington (12), Jones (13), 
Rodebush and coworkers (14, 15), and by other authors cited in these pub- 
lications, Our results are in accord with their generalizations. 



Fia. 1. Absorption spectra of steroid diphenylethylenes. Curve 1, 3(a), 11(a)- 
diaoetoxybisnoroholanyidiphenylethylene, ttjoo =• 17,200; Curve 2, 3(a), ll(a)-diao- 
etoxyternorcholanyldiphenylethylene, <«oi) =« 17,200; Curve 3 , l,l-diphenylraethyl- 
(3(a), ll(a)-diacetoxyetiocholanyI)ethyIene, tj45i, = 11,800. The solvent was 95 per 
cent ethanol. 

The 3(a) , ll(a)-dihydroxynorcholanyI phenyl 24-ketone isolated in these 
experiments from the Grignard addition to an ester is similar to the series 
of products prepared by Hoehn and Moffett (16) by interaction of diphenyl 
cadmium wdth the acid chlorides of bUe acids. It does not constitute any 
considerable portion of the reaction product isolated after dehydration and 
oxidation. Since the mechanism of reaction between esters and the Grig- 
nard reagent is not certain (17), it cannot be decided whether the ketone is a 
direct intermediate in the formation of the carbinol or is formed by 
secondary processes. It is perhaps of significance that the Grignard addi- 
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tion to the 3 (cr),ll(a)-dihj'drox 3 ’cholamc acid ia a relatively slug^ reac- 
tion characterized by the formation of considerable insoluble material. 
This in part accounts for the comparatively low j'ield in the first step of the 
degradation and the insolubility of the intermediate may explain theforma- 
tion of the ketone in the amount isolated. The absorption spectrum of 
3(a),ll(a)-diacetoxynorchalanyl phenyl 2i-ketone is shomr in Fig. 2 to- 
gether with the analogous compound derived from cholaiuc acid.'* 



Fio. 2. Absorption spectrum of 3fa), II(o).di3cetoxynorcbolanyI phenyl 24-te- 
tone, «• 12,500; fiig« = 3S0, The spectrum of norcholanyl phenyl 2i-ketone is 
identical, « 5 iu = 12,800; cites = 1030. The solvent was 95 per cent ethanol. 

The oiddation of a diphenylethylene of the type 

/ 

R— CHi— 0=C 

\ 


‘ This sample was furnished us by Dr. Willard Hoehn. We wish to express our 
thanks for this cooperation. 
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could yield R — COOII if, as should be possible, the carbon atom a to the 
ethylene were oxidized to a ketone group before fission of the cthylenic 
bond. After carefully examining the mother liquors from several lots of 
3(a) , 1 1 (a)-dihydroxynorcholanic acid, we were able to isolate a small quan- 
tity of the corresponding bisnor acid. A few attempts were made to in- 
crease the yield of the bisnor acid by modifying the oxidation of the di- 
phcnylcthylene but we were unable to obtain any appreciable yield of 
the Cn acid. However, this reaction may account in part at least for the 
sometimes disappointing yields in the oxidation of the diphenylethylenes 
with chromic acid. 



L£NGTH IN S 

Fio. 3. Absorption spectrum of 3(a),ll(a)-diacetoxy-20-keto-21-benjalpregnane, 

£M,o = 24,000. The solvent was 95 per cent ethanol. 

The absorption spectrum of 3(a),ll(a)-diacetoxy-20-keto-21-benzalpreg- 
nane is given in Fig. 3. The spectrum of this substance and related deriv- 
atives, especially the 3,1 2-diace to.xy compound, furnishes a convenient 
method for determining the homogeneity of the product. The ketone 
group is quite reactive and readily forms enol acetates. "WTien a difficultly 
acetylatable hydroxyl group is present, for e.xample the case of the 12(a)- 
hydroxyl group of desoxycholic acid, the relatively vigorous conditions 
necessary to effect acetylation lead to the simultaneous formation of vari- 
able amounts of enol acetate. The latter is readily detected by the higher 
absorption miximum and distinct sffift toward the longer wave-length. 
The acetylation can be more readily achieved by the excellent perchloric 
acid-catalyzed reaction of Schwenk and Whitman® but here also it is neces- 
sary to conduct the reaction between — 10° and 0° for a relatively short 
time. More prolonged treatment, especially at room temperature, yields 
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up to 20 to 30 per cent enol acetate. With the more i;eadily esterified 1 1 (a)- 
hydroxj’l group of the compound described in this report no difficulty is 
encountered nith the formation of enol acetates as an imdesirable side 
product. 


SUiQLVRT 

The degradation of the side chain of 3(c:),ll(a)-dihydroxycholanic 
acid to 3(a),ll(a)-dihydroxj’etiocholanic acid has been described. AH 
the intermediate compounds have been isolated and characterized and the 
ultraviolet absorption spectra of five of these have been presented. 
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PAJRTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 

X. PREPARATION OP 3(a),ll(a)-DIHYDROXYETIOCHOLANIC ACID 
FROM ETIODESOXYCHOLIC ACID* 

Br T. F. GALLAGHER 

(From Ae Department of Biochemistry, University of Chicago, Chicago) 
(Received for publication. May 23, 1946) 

For the partial synthesis of adrenal cortical hormones and related sub- 
stances it was desirable to prepare derivatives of etiocholanic acid with hy- 
droxyl groups at positions 3 and H of the steroid nucleus. This can be 
effected by the stepwise degradation of 3(a),ll(a).dihydroxycholanic acid 
(1) or by the introduction of the 11-hydroxyl group directly into the etio 
acid. Under the latter circumstance the considerable losses incurred in 
the removal of the side chain are sustained at the expense of the commer- 
cially available desoxj'cholic acid. Since, however, etiodesoxycholic acid 
was unavailable at the time the investigations reported in the pre\’ious 
paper were carried out, and since the difficulties involved in degrading 
3,11-dihydroxi’cholanic acid were not anticipated to be greater than those 
encountered with desoxj’cholic acid, the stepwise degradation of the 3,11- 
dihydroxy acid was accomplished before the alternative procedure was 
attempted. Through the assistance of CJiba Pharmaceutical Products, 
Inc., Cieorge A. Breon and Company, and Charles E. Frosst and Companj', 
generous gifts of etiodesoxycholic acid have made the approach from this 
compound feasible. It is a pleasure to acknowledge their assistance. 

It was foimd that bromination a to the 12-keto group in the etio acid as 
well as hydrolysis of the bromo keto ester was much more readily effected 
than with the corresponding derivatives of cholanic acid. While bromina- 
tion of methyl 3(a)-acetoxy-12-ketocholanate at room temperature is a slow 
reaction requiring days even in the presence of HBr, the bromination of 
the corresponding etio ester was complete in about 1 to 2 hours with small 
concentrations of HBr as catalyst. This effect can be explained on the 
ba^ of steric hindrance exerted by the side chain of the cholanic acid, since 
to ail practical purposes halogen can add to the enol of the 12-keto ester 
from but one direction (2). An alternative explanation is that in the etio 
acid the ketone group at C-12 enolizes more readily by virtue of theac- 

* Part of the work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. The expanses of part of the work were 
defrayed by a grant from Memorial Hospital, for which we wish to express our thanks. 
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275-277°. The discrepancy can hardly be due to incompleteness of iso- 
merization and may perhaps be due to solvation of the crystals. It is 
apparent from their results as well as ours that the melting point of this 
compound is not a satisfactory criterion of purity. The product can, how- 
ever, be satisfactorily purified over the methyl ester diacetate. 

ESPERRfKNTAL' 

Methyl 3ia)-Acetoxy-12-ketaeliockolanate — 3(a)Sydioxy-12-ketoetiocho- 
lanic acid was prepared by the method of Schwenh, Kiegel, Moffett, and 
Stahl (7), esterified uith diazomethane, and acetylated with acetic anhy- 
dride and HClOi.- Crystallization from ethyl acetate yielded fiat plates, 
m.p. 157-158°; = -hl52° (CHCh). 

CaHuOi, Calculated, C 70.7'J, H 8.78; found (H.-S.), C 70.59, H 8.99 

3(.a),18-Dihydroxy-ll-kel<ieiiocholanic Acid — 3.26 gm. of methyl 3{a)- 
aceto.\y-12-ketoetiocholanate were dissolved in 20 ml. of glacial acetic acid 
and 8.25 ml. of 2,24 x Bri in glacial acetic acid added. A small amount of 
dry HBr in acetic acid was added and the solution stored in the dark for 18 
hours. The substitution was complete at the end of 2 hours. The solu- 
tion was poured into ether, washed thoroughly rvith water, and the ether 
removed under diminished pressure at a bath temperature not e.\ceeding 
40°. The residue was dissolved in 35 ml. of ethanol and 35 ml. of 4.2 x 
NaOH added. After standing at room temperature for 62 hours, the solu- 
tion was added dropwise uith \igorous stirring to an e.\:cess of dilute 
at 33°. The precipitate was completely crystalline. Recrystallization 
from ethanol yielded 1.4 gm. of prisms which softened slightly at 256° and 
melted at 281°. The mother liquors upon concentration yielded 800 mg. 
of stout prisms which melted at 277° ivith some preliminary softening. 
Both products had identical optical rotations. The melting point of this 
compoimd varies considerably with the rate of heating and urith the size of 
the crystalline aggregates. The purest product melted at 275-277° with 
rapid heating and foamed at 279-281°; [a]“ = -bS8° (acetic acid). 

Calculated, C 63.54, H 8.63; found (H.-S.), C 6S.64, H 8.76 

110 mg. of the product were heated under a reSux far 2 hours in 5.0ml. 
of 4 X aqueous JvaOH. The acid recovered from this treatment was identi- 


> .411 melting points are corrected. The microanalyses were performed by Profes- 
sor A. J. Haagen-Smit (H.-S.), California Institute of Technology, by Dr. T. S. Ma 
(T. S. M.), Department of Chemisto'. University of Chicago, and by Joseph Aliciao 
(J A.), The Squibb Institute for Medical Research, Xew Bmnswdck, Xcw Jersey. I 
t^Tsh to express my appreciation for this service. 

’ Schwcnk, E., and IVhitman, B., personal communication. 
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cal in melting point and specific rotation with the starting product and 
yielded the same methyl ester diucetatc (melting point of pure compounds 
and of mixtures). 

The free acid failed to form an o.xirae when heated with hydroxylamine 
acetate in ethanol for 3 hours. 

Methyl 3{a) ,12-dihydroxy-l 1-keloctiocholanaie was prepared with diazo- 
raethane. The product was recrystallizcd from dilute methanol and from 
acetone-petroleum ether as prisms, m.p, 137.5-139°; [a]^ = +88° (CHCh). 

Calculated, C 69.20, H S.85; found (J. A.), C 69.11, H 8.96 

Methyl 3{a) ,12-diaceloxy-ll-keloeliocholanale was prepared from the 
methyl ester by esterification with acetic anhydride and HC 104 . 
recrystallized from petroleum ether as needles, m.p. 134.5-135.5°; Hd = 
+81° (CHCb). 

C»n„0,. Calculated, C 66.01, H 8,09; found (H.-S.), C 67.20, H 8.26 

“Walff-Kishner Reduction" of S(a) , 12 -Dihydroxy-ll-ketoetiocholanic 
Acid — 1.1 gm. of the acid Avith3.0ml;of 100 per cent hydrazine hydratein 10 
ml. of absolute ethanol were heated under a reflux for 3 hours and the solution 
transferred to a bomb tube with 60 ml. of sodium ethylate prepared from 3 
gra, of sodium. The bomb was sealed and heated for 5 hours from 190- 
210°. The contents were removed, acidified, and extracted with ether. 
The ether solution yielded as the principal product (588 mg.) a compound 
melting at 250-253°. The remainder of the product was an oil which was 
not further investigated. The crystalline fraction after recrystallization 
from acetone-petroleum ether mixture and from acetone melted at 25+ 
260°; [ajn* = +54° (acetone). 

CjoHmOj. Calculated, C 68.15, H 9.15; found (T. S. M.), C 68.75, H 9.42 

The methyl ester, prepared with diazomethane, melted at 172-175°. 

The ester was acetylated with acetic anhydride and HCIO 4 . The methyl 
triaceto.xy ester obtained upon crystallization from petroleum ether melted 
at 196-199° after softening at about 159°; [«]*‘ = +76° (CHCI3). It gave 
no depression of the melting point when admixed Avith the methyl 3 (a) , 1 1 r 
12-triacetoxyetiocholanate described later in this report. It seems probable 
that both this product and that subsequently described are mixtures of 
epimeric triacetates in which the 11 -hydroxyl group is a, since the product 
can be completely acetylated. This conclusion should be regarded as ten- 
tative, since the influences of the hydroxyl group at C-12 and the carboxyl 
group at C-17 have not been investigated thoroughly enough to base con- 
figurational designation upon the ease of acetylation in the etio acids. 

Methyl S(a),ll(a ?)-Diacetoxy-18-ketoeiiocholanale — Preliminary e.xperi- 
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ments had shown that bromination of methyl 3(ot)-acetoxy-12-ketoetio- 
cholanate j-ielded amorphous products even after reesterification and chro- 
matographic separation. One experiment yielded a crystalline product, 
m.D. 135-136°, but the amount obtained was too small for further charac- 
terization. The bromination product, obtained from 2.8 gm. of methyl 
3(a)-acetox>--12-ketoetiocholanate by the method previously described, was 
esterified with diazomethane and acetylated TOth acetic anhydride and 
HClOi. The product was dissolved in 200 ml. of redistilled ethanol, 45 
ml. of 1.04 N NaOH were added, and the volume of the solution made to 
250 ml. with ethanol. Samples were removed at inter\'als, acidified with 
HNOj, an excess of standard AgNOj added, and the solution titrated with 
NH*SCN, with FesCSOOa as indicator. The halogen was completely' ionic 
after 20 minutes at room temperature (23°). The remainder of the solution 
was acidified with dilute HNOj, e.xtracted with ether, washed with water, 
and the solvent removed at room temperature. The residue was esterified 
with diazomethane and acetylated with acetic anhydride and HClOi. 
The product was crudely separated on 35 gm. of Al-Oj into two principal 
fractions by elution with 500 ml. of petroleum ether-benzene (4:1) and 500 
ml. of ether. These solvents respectively removed 1 .9 gm. of an amorphous 
gum and 81 1 mg. of crystalline product. An additional 200 mg. eluted with 
ethyl acetate were discarded. The crystalline eluate was recrystallized 
from petroleum ether with a small amount of acetone and long needles 
melting at 173.5-174.5° were obtained; [ajl* = 4-173° (CHClj). 

Cs,H„ 07 . Calculated, C 66.!H, H 8.09; found (H.-S.), C 67.07, H 8.31 

Methyl 3{a),Il(,a)-Diacetoxyelwcholanale — 610 mg. of methyl 3 (q!), 11- 
(a ?)-diacetoxy-12-ketootiocholana*e were dissolved in 5.0 ml. of absolute 
ethanol, 2.0 ml. of 100 per cent hydrazine hydrate added, and the solution 
stored overnight at room temperature. After transferring to a bomb tube 
with 100 ml. of sodium ethylate prepared from 10 gm. of sodium, the bomb 
was sealed and heated at 190-200° for 2 hours. The contents were acidified, 
e.\tracted with ether, and the acid fraction esterified with diazomethane and 
acetylated with acetic anhydride and HCIO4. The product was freed of a 
small amount of colored impurity- with AltOj and the residue weighed 410 
mg. Crystallization yielded 45 mg. melting at 165-167°, which gave no de- 
pression upon admixture with an authentic specimen of methyl 3(a) , 11(a)- 
diaceto.xyetiocholanate (m.p. 169°). PVom the mother liquors upon chro- 
matographing an additional 40 mg. of authentic methyl 3(a),ll(a)-dia- 
cetoxyetiocholanate were obtained. "No other cry-staUine product was 
isolated. 

The amorphous product of hydrolysis of the bromo keto ester (1.9 gm.) 
was subjected to IVolff-Kishner reduction in the same manner pre\iously 
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described and tlie product was estcrified and acetylated as before. By 
chromatograpliing on AljOa, 150 mg. of pure methyl 3(a),ll(a)-diaceto.xy- 
ctiocholanate were obtained together with considerable material which, ap- 
pealed to be mixed crystals of this substance and the methyl ester triacetate 
described in the following section. 

Methyl S(a) ,1 1 ,12-Tnaccloxijcliocholanale — Several crystalline fractions 
which showed similar melting behavior (beginning of melting observed at 
lC5-173°but a clear melt obtained at about 193°) were combined and recrys- 
tallizcd from petroleum ether. Several crystallizations yielded a product 
xvhich softened at 175° and gave a clear melt at 193-197°; [«]? = +75“ 
(CHClj). 

CjiIIioO,. Calculated, C 05.83, H 8.19; found (H.-S.), C 65.55, H 8.41 

It is probable that this fraction was a mixture of stereoisomeric trihydroxy 
esters. 

SUALXLVUY 

1. 3(a),ll(Q:)-Dihydro.xyetiocholanic acid has been prepared from etio- 
desoxycholic acid by a procedure similar to that previously found success- 
ful with desoxycholic acid. 

2. Methyl 3(a)-acetoxy-12-ketoctiocholanate brominates more readily at 
C-11 than the corresponding derivative of cholanic acid. 

3. The halogen of methyl 3(a)-aceto.\y-ll-bromo-12-ketoetiocholanate 
is rapidly hydrolyzed xvith dilute base at room temperature and the product 
upon Wolff-ICishner reduction is converted to a mixture from which methyl 
3(a),ll(a)-diacetoxyetiocholanate and methyl 3(a),ll,12-triacetox7etio- 
cholanate have been isolated. 

4. 3(Q;),ll-Dihydroxy-12-ketoetiocholaiiic acid is converted to 3(a), 12- 
dihydroxy-ll-ketoetiocholanic acid upon standing in 2 n base at room tem- 
perature. 

5. 3(a),12-Dihydroxy-ll-ketoetiocholanic acid, like the corresponding 
cholanic acid derivative, does not form an oxime and upon “Wolff-Kishner 
reduction” yields a mixture in which 3,11 ,12-trihydroxyetiocholanic acids 
predominate. 
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THE RELATION OF THE THYROXINE CONTENT OF THE 

THYROID GLAND AND OF THE LEVEL OF PROTEIN- 
BOUND lODIFTE OF PLASIVLA TO IODINE INTAKE* 

Bt ALVIN TAUROG and I. L. CHAIKOFF 
{From the Division of Physiology, University of California Medical School, Berkeley') 

(Received for publication, llay 6, 1946) 

The factors that influence the storage of thyroxine in the thyroid gland 
have been under investigation in this laboratory ( 1 ). In the present 
study, measurements were made of the amounts of thyroxine and total 
iodine contained in the gland and of total and protein-bound iodine in 
plasma of rats whose daily iodine intakes were varied from 1 to 2 7 to as 
much as 480 y. The levels of protein-bound iodine of plasma were found 
to be related to the thyroxine content of the gland and both, in turn, were 
dependent upon iodine intake. 

EXPERIMEN'T.U, 

70 male rats weighing from 190 and 268 gm. were selected for this 
experiment. They had been maintained on a diet (No. 1) of 68.5 per cent 
wheat, 5 per cent casein, 10 per cent fish meal, 10 per cent ah'alfa, 1.5 per 
cent sodium chloride, and 5 per cent sardilene, a fish oil that contained 400 
A. 0. A. C. chick units of vitamin D and 30(K) U. S. P. units of vitamin 
A per gm. 

The rats were divided into seven groups, A to G. All except Group B 
were placed on a diet (No. 2) that had the following composition; 67.5 
per cent whole wheat, 15 per cent casein, 10 per cent whole milk powder, 
1 per cent NaCl, 1.5 per cent chalk, 5 per cent hydrogenated vegetable oil, 
and 50 cc. of sardilene per 8 kilos of diet. 

Group A received Diet 2, which centred approximately 0.1 y of iodine 
per gm. of diet. Groups C, D, E, F, and G were fed Diet 2 fortified with 
KI to contain respectively I, 5, 10, 20, and 30 y of iodine per gm. of diet. 
Group B continued to receive Diet 1 , which contained OB y of iodine per 
gm. of diet. The diets fed to Groups C, D, E, F, and G were mixed with 
the required quantity of ILI in a ball mill to insure thorough mixing. 

Each diet was fed for 22 to 24 days. Iodine-free distilled water was 
provided for drinking purposes. In order to pemut the measurement of 
daily food intake, each rat (except those of Group B) was kept separately 
in a metabolism cage. 

* Aided by groats from the Committee for Research iu Eadocrinology of the 
National Research Council and the Commonwealth Fund. 
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The rats were fasted for 2^1 hours before removal of blood and excision 
of the thyroid gland for iodine analyses. The plasma of two rats was 
pooled in order to provide enough material for both total and protein- 
bound iodine determinations on the same plasma sample. In some cases, 
the thyroids of the same tAvo rats were also pooled before analysis. 

The methods used for determining plasma iodine and the thyroxine 
content of the gland have been reported elsewhere (2). 

Results 

Thyroid Iodine — ^The effects of increasing iodine intake on the iodine 
content of the thyroid gland are shomi in Table I and Fig. 1. 


Table I 

Effect of Iodine Intake on Iodine Content of Plasma and Thyroid (Summary Table of 

Means and Standard Errors) 


Group 


Iodine 

Daily 

Weight of rats 

We^ht 

Pbsma Iodine* 

Thyroid iodine 

animah 

content 
of diet 

iodine 

intake 

At 

start 

At 

end 

thyroid 

glands 

Total 

Protein- 

bound 

ToUl 

Vey 

roime 



y Ptr 
tm. 

y 

gm. 

gm. 

mr. 

y per 
cent 

7 per 
cent 

mt. per 
cent wet 
we{[kt 

mj. per 
cent wet 
aeilit 

A 

8 

0.1 

1-2 

207 

284 

26.9 

3.3 

3.1 

21.5 

5.9 



(Ap- 


±3.7 

±12.2 

±1.7 

±0.22 

±0.10 

±2.8 




proxi- 

mate- 











ly) 








0.5 

B 

8 

0.3 

3-6 


252 

20.0 

3.4 

3.4 

30.7 







±1.2 

±0.07 

±0.10 

±2.4 


C 

14 

1.0 

15 

214 

276 

20.0 

5.6 

4.4 

106 

34.7 




±0.6 

±4.6 


±1.1 

±0.27 

±0.13 

:fc6. 1 

±1.7 

D 

14 

5.0 

78 

214 


21.4 

8.8 

5.0 

134 

44.4 




±2.7 

±3.6 

±6.9 

±1.0 

±0.32 

±0.14 

±4.9 

±1.9 

E 

14 

10 

145 

222 


21.0 

13.5 

5.2 

138 





zk7.2 

±5.2 

±9.2 

±1.1 

±0.88 

±0.20 

±2.9 

±1.8 

F • 

6 

20 

310 

251 


25.7 

21.9 

5.1 

126 

HfHjl 




±18 

±5.7 

±9.1 

±1.2 

±0.74 

±0.23 

±8.7 

±2.7 

G 

6 

30 

440 

255 

299 

27.1 

33.6 


131 

36.5 




±1.0 

±5.2 


±1.3 

±2.5 


±19.8 



* Plaama from two rata waa pooled to provide aufficieat plasma for the determina’ 
tion of both total and protein-bound iodine on the same plasma sample. 


The thyroids of rats that had been maintained on a daily iodine intake 
of 1 to 2 7 (Group A) were normal in histological appearance and con- 
tained from 4.2 to 8.4 mg. per cent of thyroxine iodine (average 5.9) and 
from 16 to 29 mg. per cent of total iodine (average 21.5). 
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Fio. 1. The relation between iodine intake and total and thyroxine iodine in the 
thyroid gland. 



Fio. 2. The relation between iodine intake and total and protein-bound iodine 
of plasnm. 


MILLIQRAM3 TOTAL IODINE PER 100 GRAMS FRESH TISSUE 
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When the daily iodine intake was increased to 3 to 6 7 (Group B) the 
Rland contained 8.3 to 11 mg. per cent of thyroxine iodine (average 9.5) 
and 27 to 32 mg. per cent of total iodine (average 30,7). 

When Diet 2 was supplemented with potassium iodide to provide a 
mean daily iodine intake of 15 7 and fed to a similar gi-oup of rats (Group 
C), the thyroxine iodine content of the rat thyroids was 28 to 43 mg. per 
. cent (average 34.7) and the total iodine content was 93 to 134 mg. per 
cent (average 106). 

Increasing the mean daily iodine intake to 78 7 (Group D) resulted ia 
a further increase in the thyroxine and total iodine content of the thyroid 
gland to 37 to 58 mg. per cent (average 44.4) and 115 to 163 mg. per cent 
(average 134) respectively. Statistical analysis (i values) revealed that 
the mean values for thyroxine and total iodine in this group are significantly 
higher than those in Group C. 

Fig. 1 shows that an increase in the mean daily iodine intake beyond 78 7 
produced no further increase in thyroid iodine. In fact, the data suggest 
an actual decrease in thyroxine iodine at higher iodine intakes. 

Plasma lodim — The effects of the ingestion of increasing amounts of 
iodine upon the levels of total and protein-bound iodine of plasma are 
shown in Table I and Fig. 2. In the latter the mean values for total and 
protein-bound iodine for the various groups have been plotted against the 
mean iodine intake. The results show that, as the mean iodine intake was 
increased from 1 to 2 to 78 7 per day, protein-bound iodine of plasma rose 
from 3.1 ± 0.10 to 5.0 ± 0.14 7 per 100 cc. A further increase in iodine 
intake failed to produce a significant rise in the level of this plasma con- 
stituent. The postabsorptive values for total iodine, however, increased 
almost linearly with iodine intake (r = 0.96 ± 0.013). 

DISCUSSION 

Remington and Remington maintained several groups of rats on the 
same basal diet supplemented with iodide to provide daily iodine intakes 
ranging from 3 to 120 7 (3). They found no consistent increase in the 
iodine content of the thyroids as the iodine intake was increased. Cole 
and Curtis reported that rats udth an average daily iodine intake of 3 7 
per day had the same thyroid iodine content as those with an average 
intake of 50 7 per day (4). Under the e.xperimental conditions provided 
here, the level of iodine intake did influence thyroxine storage in the gland. 
The mean total iodine and thyroxine iodine contents of the thyroids of 
rats ingesting 3 to 6 7 of iodine per day were 30.7 ± 2.4 and 9.5 rfc 0.58 
mg. per cent respectively. These glands were found to be normal 0 .“^ 
regards both size and histological appearance. When the mean daily 
iodine intake was increased to 78 7 , the mean total and thyroxine iodine 
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contents rose to 134 ± 4.9 and 44.4 db 1.9 mg. per cent respectively. 
The latter values represent the capacity of rat thyroids for the storage of 
iodine under the present experimental conditions. 

The significance of the value representing the upper limit of the iodine- 
concentrating capacity of rat thyroid is shown by comparing it with the 
value obtained for plasma iodine. The plasma of rats of Group E (Table 
I), which ingested daily an average of 145 y of iodine, contained an average 
of 13.5 7 per cent of total iodine. Thus under the conditions that promoted 
maximal storage, the iodine concentration in thyroid tissue was 10,000 
times greater than in plasma. 



Fig. 3. The relation of thyroiune iodine to total iodine in thyroid glanda of rata 
that received varying amounts of iodine. 


Of particular interest is the finding that in the gland the fraction of 
total iodine present as thyroxine remained relatively constant in rats 
whose d^y iodine intahe varied from 1 to 2 to 440 y. This is demonstrated 
in Fig. 3, in which thyroxine iodine is plotted against total iodine. The 
mean value for the percentage of total iodine present as thyroxine was 31, 
with a standard error of ±0.51. 

Inspection of Figs. 1 and 2 reveals a rough parallelism in the curves 
depicting the changes in protein-bound iodine of plasma, thjyo.vine iodine, 
and total iodine of the thyroid with increasing iodine intake. Each of 
these three curves rises rapidly at first, reaches its ma.ximum at an intake 
of about 75 y of iodine per day, and then remains practically level as the 
iodine intake is further increased. The relation between protein-bound 
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iodine of plasma and the thyroxine iodine of the thyroid is also expressed 
by a high linear correlation (r = 0.84 ± 0.052). The above results suggest 
that in the normal animal the level of protein-bound iodine of plasma 
is dependent upon the thyroxine content of the thyroid gland and is 
limited by the gland’s capacity to produce thyroxine. 

SUMJURY 

Uniform groups of rats were maintained on the same basic diet sup- 
plemented with different amounts of KI to provide mean daily iodine 
intakes ran^g from 1 to 2 y to 440 y. Judged by histological appear- 
ance, the thyroid glands obtained from rats of all groups were normal. 

1. The amounts of thyroxine and of total iodine in the normal gland 
were influenced by iodine intake. These amounts increased as the daily 
mean iodine intake rose from 1 to 2 y to 78 y. A further increase was not 
observed when the mean iodine intake rose beyond 78 y per day. 

2. The storage capacity of rat thyroid tissue under the conditions pro- 
vided here was found to be 130 to 140 mg. per cent for total iodine and 40 
to 50 mg. per cent for thyroxine iodine. 

3. Despite large differences in the total iodine content of the gland, the 
percentage of total iodine present as thyro.xine remained constant. The 
mean percentage for forty-four determinations was 31.0 (standard error 
±0.51). 

4. The postabsorptive levels of total iodine of plasma were linearly 
related to the iodine intake (r = 0.96 ± 0.013). 

5. An increase in the postabsorptive values for protein-bound iodine of 
plasma was observed when the mean iodine intake rose from 2 to 78 y 
per day. A further increase in iodine intake failed to produce a significant 
rise in the level of protein-bound iodine of plasma. 

6. In the normal animal the level of protein-bound iodine of plasma 
appeared to be dependent upon the thyro.xine content of the gland and 
limited by the gland’s capacity to produce thyroxine. 
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ON THE ENERGY SOURCE OF THE ACTION POTENTIAL IN THE 

ELECTRIC ORGAN OF ELECTROPHORUS ELECTRICUS* 
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(Received for pubKcation, June 1, 1916) 

The energy released by the breakdown of phosphocreatine and the forma- 
tion of lactic acid appears to be adequate to account for the total electric 
energy released by the action potential in. the electric organ of Eleclrophorus 
eledricus (1). The experiments suggest that energy-rich phosphate bonds 
are the primary source of energy dining recovery, adenosine triphosphate 
acting as first phosphate donor and phosphocreatine being the “storehouse” 
for energy-rich phosphate. Thereby it becomes probable that the cellular 
mechanism yielding the energy for the electric manifestations is basically 
the same as that known for the mechanical process of muscular contraction. 

The electric organa were selected as material for correlating electric and 
chemical events of the action potential, since both are within the range of 
accurate measurement, whereas in ordinary nerves considerable difficulties 
are encountered owing to the small amounts of energy released. The first 
investigations reported, however, were carried out with very limited ma- 
terial. Only six fish of 160 to 190 cm, length were available. Such large 
specimens are difficult to handle and are therefore rather inconvenient for 
experimental analysis. Moreover, the voltage per cm. is considerably 
lower than in smaller fish (2, 3), It could therefore be expected that small 
specimens would offer still more favorable material for both the electrical 
recordings and the chemical analysis. Additional and more precise studies 
appeared desirable. 

Recently a great number of specimens became available and the attempt 
to correlate chemical and electrical events during the discharge of the elec- 
tric organ has been resumed. In this paper, further observations on the 
breakdown of phosphocreatine and lactic acid formation, this time carried 
out on smaller fish, will be presented. 

Methods 

Essentially the same methods were used as were described previously (1). 
Pieces of tissue were cut with the highest possible spieed and frozen in liquid 

•This work was supported by a grant of the Joaah Macy, Jr., Foundation. 
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nitrogen. The weight of the tissue used was generally about 200 to 300 mg. 
1 ml. of 5 per cent ice-cooled trichloroacetic acid was used per 20 mg. of 
tissue. The mixture was ground and filtered; an aliquot part of the 
filtrate was used for lactic acid, another for phosphocreatine determination, 
with the same technique as described before. Particular care was taken 
to determine the number of impulses as precisely as possible. The electric 
scaling circuit described before was so changed that it indicated every 
thirty-two impulses instead of sixteen. Since sometimes trains of impulses 
occur at a very high rate, it is difficult to exclude the possibility that occa- 
sionally a few trains of impulses are missed. The scaling circuit was there- 
fore replaced by a Potter two decade electronic counter for recording the 
impulses coupled with a mechanical counter for keeping record of every 
discharge of the fish. In this way it was assured that the total number of 
impulses was actually counted. In all e.xperiments of Tables III and IV 
the new arrangement was used. 

The electric recordings, which form the basis of the calculations for the 
electric energy released, were carried out on the same fish but not simul- 
taneously with the experiments for the chemical analysis. As the elec- 
trical characteristics of each individual do not vary when measured on 
different occasions, it appeared more convenient to carry out the electrical 
and the chemical observations separately. In order to ascertain that the 
voltage was about the same as that in the experiments for computing the 
electric energy, it was always recorded Avith the aid of.a cathode ray oscillo- 
graph. These recordings served at the same time as a check that there 
was no marked decrease in voltage due to fatigue, since this would also 
affect the chemical reactions. If a marked decrease in voltage occurred, 
the experiments were discontinued, since in such cases the data are no 
longer comparable. 


Results 

Electrical Data — The electrical measurements are reported elsewhere in 
full detail (4, 5). The data obtained will be described here only as far as 
they are essential for the interpretation of the chemical figures. 

In the previous observations, only that part of the electric energy was 
actually determined which is released externally (1). In the large speci- 
mens used, this energy was calculated to be 8 X 10“® gm. calorie. Subse- 
quent recordings and several improvements in technique have shown that 
this figure has to be revised downward to 4 X 10~® gm. calorie. However, 
for the problems studied, viz. the chemical energy source of the action 
potential, it is necessary to knorv the total electric energy released per gm. 
and impulse. The total energy was first estimated to be at least twice as 
high as that released e.xternally. The determination of the total electric 



NACHMAXSOHX, COATES, ROTHEKBERG, AKD BROWX 


225 


energy is rather complicated and requires a great number of electrical 
recordings of various kinds. The investigations of Cox, Coates, and 
Brown, carried out on the same material as that used for the chemical 
analysis described in the previous paper as well as in the present, have 
revealed that the total electric energy per gm. and impulse is close to 24 X 
10“^ gm. calorie in the large specimens of 180 cm. average length. This 
average figure has been obtained by measurements on six fish. The in- 
dividual values vary between 18 and 25 X 10~* gm. calorie. In the medium 
sized fish with which the chemical data described below were obtained, the 
total energy was found to be 47 X 10~® gm. calorie, as average of recordings 
on nine fish, the individual data ranging from 29 to 71 X 10“^ gm. calorie. 

Chemical Data — ^The results of the chemical detenninations are sum- 
marized in Tables I to IV. It has to be kept in mind that the data obtained 
are a balance of several reactions going on at any given moment. The 
phosphocreatine split is continuously being rcphosphorylatcd by the energy 
released by carbohydrate metabolism, as is known from the studies on 
muscle (Meyerhof (6)). The oxidative energy is used both for the re- 
synthesis of carbohydrate and phosphocreatine. Muscle can be isolated 
and kept in strictly anaerobic condition. In this way, one of the three 
major sources of energy is excluded and the condition is simplified. A 
further amplification may be achieved in the case of muscle by inhibition 
with monoiodoaceric acid, blocking the energy of carbohydrate as was 
shown by Lundsgaard. Then phosphocreatine becomes the only source 
providing energy for the contraction. No such simplification separating 
the different reactions has yet been devised for the electric organ of the 
living animal. However, both the basic respiration and the increase in 
oxygen uptake following the action potential are probably small, as may 
be concluded from all measurements on nerve respiration and from the 
low succinic oxidase content of electiic tissue (2). It appears probable 
therefore that during the short period of the experiments the correction 
which has to be made owing to increased respiration is small, only a few 
per cent of the two reactions measured. The amount found is therefore 
probably close to the total energy released anaerobically. 

Since it is known from the observations on muscle that, imder certain 
conditions, part of the lactic acid formation may be delayed, i.e. is going on 
for some time after the relaxation of the muscle, it is possible to assume 
that a similar delayed lactic acid formation may occur following the dis- 
charge. In that case, if the tissue is cut and frozen immediately after the 
period of discharges, the lactic acid formed foUowing the discharge may 
not be the mammal amount. It therefore api>eared desirable to allow for 
a “recovery period” during which the delayed lactic acid formation would 
occur. Tables I and II summarize the observations with such a recovery 



226 


SOURCE OP ENERGY IN ELECTRIC ORGAN 


Table I 

Energy Released per Gm. and Impulse by Breakdown of Phosphocrealinc during Action 
Potential of Electric Organ of Electrophorus electricus 
Medium sized fish. The voltage given is that recorded per 10 cm. with an e.'cternal 
resistance of 200 ohms, that in parentheses with an open circuit. After about 1300 
to ISOO impulses, stimulation was avoided and a recovery period of 3 to 4 minutes 
was permitted before a piece of tissue was cut and frozen for chemical analysis. The 
number of discharges at the end of the recovery period is the total number between 
the first and second cuts. 


Experiment 

Length 

ol 

Voltage 

Period 

No. of 
di5> 

charges 

Initial 

Phospho. 

creatine 

split 

Gm. 

calories 

No. 

Stimu* 

lation 

Recovery 

PiO. 

pergm.and 

impulse 


cm. 


min. 

ain. 

m 

mr. per 

tm. 

mt. PiO* 
per tm. 


1 

89.0 

61 (121) 

4.0 


In 

1.20 

0.49 

44.7 





3.5 

IB 




2 

78.0 

78 (151) 

3.5 



0.88 

0.71 

60.2 





4.5 

1824 

1 



3 

100.5 

77 (135) 

3.5 


1440 

0.99 

0.79 

76.5 





4.0 

1600 




4 

93.5 

70 (118) 

3.0 


1472 

1.38 

0.46 

43.7 





3.0 

1632 




5 

112.5 

54 (102) 

2.5 


1280 

1.47 

0.35 

41.5 





4,0 

■ ( u 




0 

111.0 

58 (106) 

3.0 


B 1 S 

1.71 

0.28 

34.0 

1 




3.0 

BTS 




7 

104.0 

76 (138) 

3.0 


B ' S 

1.445 

0.75 

84.6 





3.0 





8 

103.0 

62 (118) 

3.0 


BTg 

1.83 

0.45 

54.5 





3.0 

B 1 » 




9 

95.0 

82 (154) 

4.5 


B 

1.285 

0.595 

62.8 





3.0 

1472 




10 

110.0 

52 (104) 

3.5 


1088 

1.395 

0.595 

85.0 





3.0 

1088 




11 

143.0 

52 (83) 

3.0 


1568 

0.945 

0.46 

45.5 





3.0 

1568 




12 

112.0 

60 (104) 

3.0 


1546 

1.56 

0.65 

65.0 





3.0 

1546 




13 

107.0 

60 (114) 

3.5 


1568 

1.57 

0.67 

56.0 

14 




3.0 

1856 




105.0 

52 (106) 

3.0 


1600 

1.715 

0.575 

55.6 

15 




3.0 

1600 




90.0 

64 (110) 

3.0 


1536 

1.635 

0.395 

39.0 





3.0 

1568 




Average. .. . 

103.6 







56.6 

















XACHJIAXSOUX, COATES, BOTHENBEKQ, AND BEOWN 


227 


period. After 1200 to 1500 discharges within a period of 3 to 4 minutes, 
the fish was kept as quiet as possible and any further stimulation was 
avoided. This was in most cases successful. Practically none or very 
few spontaneous discharges occurred during the recovery period. In some 
cases there were still a few spontaneous discharges but their number was 
insignificant when compared with the total. 

Table II 

Energy Released per Gm. and Impulse by Lactic Acid Formation 
The experiments are the same as in Table 1; the determination of lactic acid has 
been carried out with an aliquot part of the filtrate used for phoaphocreatine deter- 
mination. The last column indicates the energy released by the two processes 
(phosphocreatine breakdown and lactic acid formation). 


Expcrimeat Kq. 

1 IfiitUl Uctic &dd 

Lxctic &dd (otmed 

Gia. cxlories X 
per sea. lad 
unpdUe 

Ga. calories X KT* per 
ga. ftod ixapolse 
(sua) 

1 

««. 

0.140 

nr. ter fn. 

0.321 

46.1 

90.8 

2 

0.177 

0.283 

37.9 

98.1 

3 

0.396 

0.337 

51.5 

128.0 

4 

0.469 

0.236 

33.7 

77 A 

5 

0.383 

0.367 

69.5 

111.0 

6 

0.347 

0.308 

58.5 

92.5 

7 

0.372 

0.418 

74.2 

158.8 

S 

0.410 

0.315 

57.3 

111.8 

9 

0.540 

0.490 

81.0 

143.8 

10 

0.442 

0.428 

96.1 

181.1 

11 

0.278 

0.476 i 

74.0 

119.5 

12 

0.331 

0.532 

84.0 

149.0 

13 

0.278 

0.462 

60.5 

116.5 

14 

0.195 

0.432 

66.0 

121.6 

15 

0.463 

0.521 

81.0 

120.0 

Average 



64.8 

121.3 


In Tables III and IV are given data obtained in e.vperunents in which no 
recovery period was permitted and in which the tissue cut was performed 
directly at the end of the stimulation f)eriod. If these data are compared 
with those in Tables I and II, it appears that there is no significant differ- 
ence, the average figures being 121.3 and 126.4 X lO"** gm. calorie respec- 
tively. In view of the indhidual variations, such a difference is small and, 
moreover, in a direction opposite to the expected, the low'er average figure 
being that of the e.xperiment3 with recovery. 

In this case a fundamental difference between nerve and muscle function 
has to be kept in mind. The duration of the action potential is of the 
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order of 1 millisecond, that of muscular contraction several hundred times 
higher. The energy required for contraction is many thousand times higher 
than that for the passage of the impulse. For both reasons, a longer period 
of lactic acid formation may be expected in the case of muscle activity. 


Table III 

Urcakdown of Phosphocrcatine .Is in Table I, but with Tissue Cut and Frozen 
Immediately at End of Stimulation Period 


Experiment No. 

Length 
of ush 

Voltage* 

Stimulation 

period 

No. of 
discharges 

loitbl 

phospbo* 

creatine 

Pbospbo- 

aeatine 

split 

Gm. calonVj 
per 
sod 
impulse 







mt. PrOi 



tm. 




per tm. 

per tm. 


IG 

08 

45 (92) 

4.5 


1.505 

0.375 

38.7 

17 

96 

49 (82) 

2.0 

HI 

1.52 


51.5 

18 

95 

3.1 (77) 

2.0 

1900 

1.605 

0.565 

54.7 

10 

102.5 

Kin n ■ 

4.5 

1500 

1.26 

0.43 

44.3 

20 

108 


2.0 

1900 

1.31 

0.55 

44.7 

21 

94 


2.0 

1600 

1.605 

0.565 

54.7 

Average 

09 






48.6 


* Voltage recorded per 10 cm. with an external resistance of 200 ohms; that in 
parentheses, with an open circuit. 


Table IV 

Lactic Acid Formation of Experiments Reported in Table III (without Recovery Period) 
The last column indicates the energy released by both the phosphocrcatine break- 
down and lactic acid formation. 


Experiment No. 

iQitial lacUc acid 

1 

Lactic acid formed 

Gm. calorics X 
per gm. and 
impulse 

Gm. calories X 10"* per 
gm. and impulse 
(sum) 


mg* per gm* 

mg* per gm. 



16 

0.296 

0.694 

113.0 

151.7 

17 

0.143 

0.447 

68.0 

122.5 

18 

0.227 


63.5 

118.2 

19 

0.224 


9S.0 

142.3 

20 

0.293 

0,479 1 

61.5 

106.2 

21 

0.218 

0.410 

62.5 

117.2 

Average 

77.8 

126.4 


The observations suggest that the total lactic acid formed as a result of 
the discharges has actually been determined under the conditions used. 

The calculations of the energy provided by the breakdown of phospho- 
creatine were previously based on the assumption of 10,000 gm. calories 
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per mole of phosphooreatine (1). It appears, however, more correct to 
assume 11,000 gm. calories in view of different recent estimations (Meyer- 
hof (7)). The value is about the same for all energy-rich phosphate bonds. 
The figures given in this paper are calculated on this basis. The formation 
of 1 mole of lactic acid yields about 16,000 gm. calories without neutraliza- 
tion heat. In the previous calculation t hi s figure was used (1). Since it 
is known that 2 moles of energy-rich phosphate bonds may be created per 
mole of lactic acid, 22,000 gm. calories per mole of lactic acid seem to be, 
according to ileyerhof, a more correct assumption (8). This higher figure 
has been used for the calculation of the Sgures presented. 

In Table V are summarized the electrical and chemical data obtained 
so far. Two facts emerge from these figures: (1) in the mediiun sized 
fish, the total of the electric energy and the chemical energy measured is 

Table V 

Relationship belieeen Electric Energy Released by Action Potential and Chemical Energy 
Released by Breakdown of Phosphocreatine and Formation of Lactic Acid 


.\\erage values. The figures iiv parentheses indicate the number of experiments 
on which the average values are based. 


X^asth of 6^ 

I £aers 7 relei&ed per sau asd taipuUe, sat calories X tCT* 

EZectneal esergy 
la per cest of 

Electrical j 

PbosphocreaUfie 

l^tic aod 

Ccabiaed 

chesueal 

CM 

103 

WM 

0 (21) 

6S 5 (21) 

123 0 (21) 

3S 

ISO 


35 7 (15) 

23 1 (7) 

53 4 (7) 

45 


about twice as high as in the larger specimens; (2) the energy of phospho- 
creatine breakdown and lactic acid formation exclusive of the oxidative 
energy seems to be more than twice as high as the electrical energy. In 
still smaller fish, of 67 cm. average length, the total electric energy released 
per gm. and impulse is markedly higher. In these fish SS X 10~* gm. calorie 
per gm. and impulse w as found as the mean value of eight e.xperiments, the 
individual values varying between 55 and 118 X 10~* gm. calorie. The 
chemical energy also appears to be markedly higher, but insufficient meas- 
urements were made and more experiments are necessary for obtaining a 
reliable picture. 


DISCUSSION 

The surface changes occurring during an electric discharge involve loss 
of energy. The reversal of this process can conceivably be effected only 
by the free energy of chemical reactions. The observations presented sup- 
port and amplify the evidence offered previously that phosphate bonds are 
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the source of free energy for the recovery, by which the restitution of the 
resting condition is achieved, following the action potential. 

In the preceding studies, the chemical energy measined was correlated 
only with the energy released externally by the discharge, since insufficient 
data were available for computing the total energy released. Even now 
the determination of the total electric energy is subject to a number of un- 
certainties. The most important is the question of whether or not the 
electromotive force remains unchanged during the whole period of the 
discharge. All measurements indicate that the resistance undergoes con- 
siderable changes during the discharge but the electromotive force remains 
essentially constant throughout its duration. However, it cannot be ex- 
cluded that, during a short period of the phase of rising voltage, variation 
of the electromotive force does occur. For the calculation of the electric 
energy released, constant electromotive force has been assumed. Fortu- 
nately for this calculation, the vmcertain phase is of extremely brief dura- 
tion compared wth the rest of the discharge. It therefore appears safe to 
assume that the order of magnitude computed would not be affected 
materially if a change in the electromotive force does occur in the early 
part of the initial phase. 

On the basis of the present data, the electric energy is about 40 per cent 
of the chemical energy released by the two anaerobic processes measured. 
Assuming that oxidation would provide about the same amount of energy 
for the reversal of the two anaerobic processes, the electric energy would 
be close to 20 per cent of the total chemical energy. This would be a 
reasonable efficiency. 

It would be desirable to complement these data by a study of the heat 
production, since only in this way could the total energy change be com- 
puted. Such measurements are being prepared. 

The question as to whether or not the discharge of the electric organ may 
be compared with the ordinary nerve action potential has been frequently 
discussed (9). According to Hill, the fundamental physicochenoical mech- 
anism is almost certainly the same (10). The electric organs are an ac- 
cumulation of motor end plates and their action potential may be best 
compared to the end plate potential studied recently by Eccles and his 
associates (11). There is no reason to assume that axon and end plate 
potential differ basically except in a quantitative respect. In fact, the 
data available so far are consistent with the assumption of a similar physico- 
chemical mechanism (12). 


SUinVIARY 

Observations are presented supporting and amplifying the previous 
evidence that the breakdoAvn of phosphocreatine provides the chemical 
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energy for the restitution of the resting condition following the electric 
discharge of the electric organ of Electrophorus dedricus. Electric record- 
ings and chemical determinations carried out on a greater amount of more 
favorable material than available before have revealed the follou-ing facts: 

1. In medium sized fish of average length of 103.6 cm., the breakdown of 
phosphocreatine yields 54.5 X 10~^ gm. calorie per gm. and impulse. The 
formation of lactic acid j’ielda 68.5 X 10“^ gm. calorie per gm. and impulse. 
Both figures are mean values of twenty-one e.vperiments. The chemical 
energy released by these two reactions is consequently 123.0 X 10“* gm. 
calorie per gm. and impulse. The total electric energy released in the 
same specimens is 47 X 10"* gm. calorie per gm. and impulse (average of 
nine e.xperiments). 

2. No diSerence is foimd in lactic acid formed whether the determination 
is made directly at the end of the stimulation period or at the end of a 
recovery period. 

3. The chemical energy in the medium sized specimens is about twice 
as high as in large fish of 180 cm. average length in which the two chemical 
reactions measured were found to yield 53.4 X 10"* gm. calorie per gm. 
and impulse (mean value of seven e.xperiments). This is in good agree- 
ment with the equally smaller electric energy released in these specimens 
wluch is 24 X 10"* gm. calorie per gm. and impulse (average of she e.v- 
periments). 
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Branfoot (1) has summarized the early work on pectic substances. Bon- 
ner (2), Norman (3), and Hirst and Jones (4) have reviewed later work on 
the structure of these substances. 

Pectic materials that approximate the composition and have some of the 
properties of pectic acid are widely distributed but in smaD amoimts in 
mature hardwoods. In 1925 O’Dwyer (5) isolated such a material from 
beechwood, and in 1931 Preece (6) reported 0.4 per cent of pectin in box- 
wood. Since then pectic materials have been isolated from mature wood 
of black locust (7), lemon, mesquite, and white pine ( 8 ), and from cotton- 
wood (9). 

In mature woods pectic materials are mixed or combined with large 
amounts of cellulose, h'gnin, hemiceUuIose, and often with other carbohy- 
drate materials. Although they have been isolated from mature hardwoods 
and from one softwood, it is far more difficult to isolate them in appreciable 
amounts from softwoods. This posably is due to the greater solubility of 
the hemicelluloses of softwoods than of hardwoods and to the greater 
amount of other soluble carbohydrates that dissolve writh the pectic mate- 
rials in the extraction of softwoods. No satisfactorj' procedure for isolating 
these materials from mature woods and for separating them from the 
accompanying substances is known. The methods now used are not quan- 
titative. They- require large amounts of wood if sufficient pectic material 
is to be obtained for complete purification. Undoubtedly the pectic mate- 
rials so far isolated from wood have undergone considerable hydrolysis in 
the process of isolation and purification. As a result, pure pectic materials 
from mature woods have not been studied sufficiently for their properties 
and composition to be accurately determined. 

• The .administration of the Institute of Paper Chemistry furnished the financial 
assistance that made this investigation possible. It was undertaten at the sugges- 
tion of Dr. Harry F. Lewis of the Institute staff. Dr. L. E. Wise and Dr. I. H. Isen- 
berg of the Institute staff made many helpful suggestions during the course of the 
work : Dr. Wise supplied a part of the holocclluloscs that were used. Dr. JI. A. Bu- 
chanan of the Institute staff supplied the woods that were used. The .Analytical 
Department of the Institute did many of the analyses. Three graduate students at 
the Uruversity of Arizona, Robert Cullen, Sejinour Rosenbaum, and Lemuel 
Rosenblatt, helped with the work on Douglas fir and western red cedar. To all 
of these the author is deeply grateful. 
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The purest of tliese materials that have been isolated from mature wood 
have the followng properties; In a 2 per cent solution of ammonium hy- 
droxide they show [aln of approximately +235°. This is somewhat less 
than the [aJn of pectic acid that has been prepared from citrus pectin 
through the calcium salt (8). The free acids yield from 19.5 to 22 per cent 
carbon dioxide by the method of Lef&vre and Tollens (10) and approxi- 
mately 19.5 per cent furfural. The calcium salts contain from 7.5 to 9.5 
per cent calcium. They arc more soluble and gel to a less extent when 
precipitated with calcium chloride than docs calcium pectate wliich has 
been prepared from citrus pectin. They also differ in their solubility, 
probably because of variation in their degree of hydrolysis. The presence 
of galacturonic acid can be readily established by conversion to mucic acid 
by the method of Heidelberger and Goebel (11). 

The present investigation was undertaken to determine how widely pectic 
materials occur in mature softwoods and to improve the method of isolating 
and purifying them. 


EXPERIMENTAL 

EstablishiJig Presence of Pectic Substances in Softwoods — Several attempts 
were made to isolate pectic material in appreciable amounts from Douglas 
fir and western hemlock by extracting 3 kilo lots of the powdered woods in 
succession with hot water, hot 0.05 N hydrochloric acid, and 5 per cent am- 
monium hydroxide. In these investigations the extracts were concentrated 
and decolorized by bromine, as described later, but they were separated 
into fractions by precipitation with alcohol. Calcium chloride was used 
only to a very limited extent in this process. In each investigation some 
material was obtained that show'ed [«]“ as high as +80° and gave as high 
as 10 per cent of carbon dioxide. However, the amounts of pectic sub- 
stances obtained were too small for thorough purification and the results 
were not conclusive. 

Western red cedar, when extracted and decolorized in the same manner, 
gave, before fractionation with alcohol, 1.23, 0.35, and 0.7 per cent of the 
hot w'ater, hot 0.05 n hydrochloric add, and 5 per cent ammonium hydrox- 
ide extracts. In place of simple fractionation wth alcohol, the pectic ma- 
terial in these extracts was converted to calcium pectate and back to the 
free pectic acid twice. They then showmd [«]“,= +60°, +50°, and +206°. 
On analysis they gave 5.93, 13.4, and 15.3 per cent carbon dioxide and 
17.2, 16.25, and 23.6 per cent furfural. After reconversion of the ammo- 
nium hydroxide e.xtract to calcium pectate and back to the free pectic acid 
two more times, it showed [a]“ = +247° and gave 18.1 per cent carbon 
dioxide and 21.1 per cent furfural. When it was tested by the method of 
Heidelberger and Goebel it gave mucic acid, melting at 218°. 
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The results obtaiued with western red cedar indicated that, in the isola- 
tion of pectic materials from softwoods, purification of the extracts by re- 
peated conversion to calcium pectate and back to pectic add was far supe- 
rior to fractionation by alcohol. As a result the procedme described below 
was followed in a further study of Douglas fir and western hemlock. 

IsoUUion of Peciic Material from TFood of Douglaa Fir and Western Hem- 
lock — 3 kilos of the powdered woods were repeatedly extracted under a reflux 
with a benzene -alcohol mixtm-e xmtil the extracts were no longer deeply 
colored. 

The lipide-free woods were then e.xtracted twice in baths of boiling water, 
each time for 6 hours, with 9 times their weight of water. The extracts 
were concentrated in vacuo at 75° to 500 cc. To the concentrates were 
added 20 gm. of calcium chloride dissolved in 30 cc. of water, followed by 8 
volumes of alcohol- The predpitates were isolated and washed with alco- 
hol and ether. 

The woods were next heated with 8 times their weight of 0.05 x hydro- 
chloric acid in baths of boiling water for 5 hours and filtered. The filtrates 
were neutralized with a slight excess of ammonia and concentrated. The 
concentrates were made slightly basic with ammonia and then slightly add 
with acetic acid and mbced with calcium chloride solution and alcohol. The 
predpitates were isolated as described above. The woods were finally 
extracted twice, at room temperature, with 5 per cent ammonium hydroxide, 
each time for 6 days. The filtrates from each wood were concentrated and 
the concentrates were treated with acetic add, calcium chloride, and alcohol, 
as in the case of the hydrochloric add extract. 

Isolation of Pectic Material from HoloceUuloses of Douglas Fir and Western 
Hemlock — 1 kilo of the coarsely ground sawdust in amounts of 100 to 300 
gm. was converted to holocellulose, as described by Wise (12). Exhaustive 
treatment with sodium chlorite in the preparation of holocellulose causes 
loss of carbohydrate material and should be avoided. The holocellulose 
used here still contained as much as 2 per cent lignin. After thorough wash- 
ing with acetone, the holocellulose was extracted for 3 days at room tem- 
perature with approximately 20 times its weight of a 2.5 per cent solution of 
ammonium hydro.xide. The e.xtract was treated exactly as those in the 
preceding section. One extraction with a 2.5 per cent ammonium hydro.x- 
ide dissolves most of the pectic material. Even this e.xtraction dissolves 
considerable hemicellulose and other carbohydrate material with the pectic 
material. 

Removal of Lignin from Extracts — To remove ligmn and coloring matter 
from the extracts of wood or holocellulose, it was rubbed with a cold 1 per 
cent solution of hydrochloric acid and shaken with small amounts of liquid 
bromine. After an hour 8 volumes of alcohol were added. This reacts 
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with excess bromine, dissolves the calcium chloride and chlorinated lignin, 
and precipitates the pectic materials, hemicelluloses, arabogalactan, and 
related substances. The precipitate was filtered and waslied with alcohol 
and ether. It was then dissolved in a 2 per cent solution of ammonium or 
sodium hydroxide and the solution filtered. The filtrate was made slightly 
acid mth cold dilute hydrochloric acid and shaken with liquid bronrine. 
After the dark color had disappeared and bromine was no longer ab.sorbed, 
8 volumes of alcohol were added and the purified material was isolated. 
This treatment until bromine was repeated until the material was white. 
In this procedure, hot strongly acid dr alkaline solutions were avoided in 
order to minimize hydrolysis of the materials (13). 

P^lriflcaliQn of PecLic materials Extracted from Softwoods or from Holocel- 
luloses of Sofhooods — The purification of pectic materials extracted from 
hardwoods has been briefly described in previous publications (7, 8). The 
separation of the pectic materials from the other carbohydrates present in 
the extracts depends on the difficult solubility of calcium pectate in water 
and 25 per cent alcohol. In the separation, the pectic materials arerepeat- 
edly converted into difficultly soluble calcium pectate and back to free pectic 
acid. The exact procedure to be followed depends on three factors: (1) 
what other carbohydrates are present in the extracts with the pectic mate- 
rials; (2) how much the pectic material has been hydrolyzed duiing its 
isolation; and (3) whether it is present as a calcium salt or as free pectic 
acid. If the pectic material is present as a calcium salt, it must be con- 
verted to the free acid by treatment with a 1 per cent solution of hydro- 
chloric acid and 8 volumes of alcohol before it can be dissolved in the 
ammonium or sodium hydroxide. If a hemicellulose is present with the 
pectic material, a 2 per cent solution of ammonium hydroxide may .not 
dissolve the extract and a 2 per cent solution of sodium hydroxide must be 
used. Also, if a hemicellulose is present when the solution is acidified, a 
precipitate may form. This sirould be centrifuged out and its [a]? deter- 
mined. If the pectic acid has not been appreciably hydrolyzed during 
isolation, it mil precipitate as calcium pectate. Usually, however, consid- 
erable hydrolysis has occurred and 0.5 volume of alcohol must be added to 
precipitate all of the calcium pectate. 

In general the decolorized extract is dissolved in a 2 per cent solution of 
ammonium hydroxide and filtered. The filtrate is made slightly acid wnth 
acetic acid, and 20 gm. of calcium chloride in 30 cc. of water are added, 
followed by 0.5 volume of alcohol. This precipitates any pectic acid pres- 
ent, together with some of the other carbohydrates. The precipitate is 
centrifuged out and washed with 25 per cent alcohol. The solution con- 
tains most of the other carbohydrates which are precipitated by addition of 
8 volumes of alcohol. The calcium pectate is reconverted to pectic acid. 
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By numerous repetitions of this procedure the extracts are separated into 
free pectic acid, arabogalactan (if any is present), and hemicellulose. Each 
step in the procedure should be followed nith the polaiiscope. The pectic 
acid rotates strongly dextro, the arabogalactan rotates approximately 
+12°, and the hemicellulose rotates strongly levo. 

Results Obtained with Western Hemlock and Douglas Fir — ^Western 
hemlock wood, treated as described above, gave a total of 0.17 per cent of 
purified pectic acid, whereas the holocellulose gave 0.55 per cent of the 
weight of the wood as purified calcium pectate. The pectic acid from the 
wood showed [o]? = +175° and on analysis gave 16.03 per cent carbon diox- 
ide and 1 5.34 per cent furfural. The calcium pectate from the holocellulose 
gave 7.35 per cent calcium, 16.25 per cent carbon dio.xide, and 20.35 percent 
furfural. When this calcium pectate was converted to free pectic acid, the 
acid showed = +216.3° and gave 19.7 per cent carbon dio-xide. When 
the pectic acid was treated by the method of Heidelberger and Goebel, it 
gave mucic acid, melting at 217-218°. 

The extracts of Douglas fir before purification amounted to 5.1 per cent 
of the wood. The 2.5 per cent ammonium hydro.xide extract of the holocel- 
lulose of Douglas fir amounted to 4.25 per cent of the wood used. The loss 
during decolorization and purification of the pectic material was so large 
that no accurate estimate of the amount of pure pectic acid obtained could 
be made. It was between 0.1 and 0.2 per cent. The purified pectic acid 
from the various fractions showed [a]? from +75° to +115°, and gave from 
5.2 to 19.4 per cent carbon diordde. These purified extracts were combined 
and twice converted to calcium pectate and back to pectic acid. This 
showed [a]^ = +234.8° and gave 20.05 per cent carbon dioxide and 19.1 per 
cent furfural. When treated by the method of Heidelberger and Goebel, 
it gave mucic acid, melting at 218°. 

The results obtained with western red cedar, Douglas fir, and western 
hemlock establish conclusively the presence of pectic substances in these 
three softwoods. 

Isolation of Pectic Materials from Smaller Amounts of Softwoods — Smaller 
amounts than previously used of the following five softwoods were converted 
to holocelluloses by Dr. L. E. Wise: Douglas fir (Pseudotsuga taxifolid); 
western hemlock (Tsuga hetcrophylla); western red cedar {Thuja plicaia)-, 
loblolly pine [Pinus taeda); and black spruce {Picea mariana). These 
holocelluloses were extracted by the author for 3 days ■nith 2.5 per cent 
ammonium hydro.xide and the extracts were isolated as previously de- 
scribed. The results are summarized in Table I. 

The first ammonium hydroride extracts of Table I were then decolorized 
by bromine. The resulting products are the decolorized extracts of Col- 
umns 2 and 3, Table II. These decolorized extracts of Table II were then 
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separated by repeated treatment with calcium chloride into an insoluble 
calcium pectate and a soluble hemicellulose (Fractions A and C, Table II). 
The analytical determinations made on these fractions are summarized in 
Table II. 

Fractions A of Douglas fir, western hemlock, and loblolly pine, whose 
analyses are given in Table II, were purified further by conversion to cal- 

Table I 


Yields of 2.3 Per Cent Ammonium Hydroxide Extracts of Holocelluloses from Five Woods 


Wood No. 

1 

j 


Ammonium hydroxide 

(t) 

(2) 

(J) 

1st extract 
(U 

2ad extract 
(5) 

1 

rm. 

2G7 

per cent 

72,1 


per cent 

1.6 

2 

186.5 

74.1 


1.4 

3 

187* 

63.6 

14.3 

0.5 

4 

36S 

70.4 

13.9 

0.7 

5-1 

142 

57.7 

7.1 

0.5 

5-II 

177.4 

74.2 

15.1 



Table II 


Summary of Analysis of Pectic Materials from Holocelluloses of Five Softwoods 


Wood 

No. 

(1) 

Decolorized 

extract 

Frac- 
lion A 

M) 

Pectic acid. Fraction A 

Hemicellulose, Fraction C 

(2) 

[«]o 

(3) 

Hu 

(S) 

Carbon 

dioxide 

(6) 

Fur- 

fural 

(7) 

Pectic 
acid ia 
Fraction 
A 
(8) 

Pectic 

acid 

in 

■wood 

W 

( 10 ) 

[“Jo 

(11) 


fffl. 

detrees 

tm. 

defrees 

per cent 

per cent 

tnt. 


sm. 

detrces 

1 

8 


1.9 

-M44 

14.23 

19.7 

1.14 


3 

-25.1 

2 

12 

0 

1,14 

+183 



0.85 

KkrI 

8 

-17.5 

3 


-23.4 

0.35 

+112.4 

12.96 

22.9 

0.20 

0.11 

5 

-20.1 

4 


-10.3 

2.5 

+112.5 



1.25 

0.34 

10 

-25.2 

5-1 



0.4 

+83.8 



0.20 

0.14 

2.4 

-32.4 




1.7 

+166 



1.13 

0.64 

16 

-32.7 


cium pectate and back to free pectic acid. The resulting materials showed, 
respectively, [a]“ = +200°, +213°, and +205°. They gave 18.6, 19.7, 
and 19.6 per cent carbon dioxide and 19.7, 20.5, and 22.8 per cent furfural. 

These results shoAV that smaller amounts of softwoods than those pre- 
viously used are sufficient for the isolation of pectic materials if they are 
first converted to holocelluloses. 

Explanation of Table I — ^The yields of ammonium hydroxide extract in 
Column 4 are in percentage of the holocellulose. The woods used were (1) 
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Douglas fir; (2) western hemlock; (3) western red cedar; (4) loblolly pine; 
(5-1) black spruce I ; (5-II) black spruce II. IVood 5-1 was treated too long 
with sodium chlorite. This removed all of the lignin, and some of the carbo- 
hydrate material was lost. Wood 5-II was treated for a shorter length of 
time. Table I shows that one extraction with 2.5 per centammom'um 
hydroxide removes approximately the same percentage of e.xtract from aU 
of the woods. The second e.xtract was small. Specific rotations which 
were made on the second e.xtracts indicated that they were hemiceUuloses. 

Explanaiion of Table 11 — ^The woods are the same as those in Table I. 
The decolorized e.xtraots were prepared from the first ammonium hydroxide 
e.xtracts of Table I by bromination. Fractions A and C were prepared from 
the decolorized e.xtracta by repeated treatment with calcium chloride. 
Fraction A is from the calcium pectate precipitate. Fraction C is from the 
filtrate from Fraction A. The gm. of pectic acid in Fraction A, Column 8, 
were calculated from the gm. and [a]“ of Fraction A, Columns 4 and 5, on 
the assumption that pure pectic acid would show [a]“ of approximately 
4-250'’. 

Table II shows that the 2.5 per cent ammonium hydroxide extracts of the 
holocelluloses of these five softwoods were separated into a pectic add frac- 
tion and a hemicellulose fraction and that pectic materials are present in all 
five of these woods. 


sumiAaY 

1. The presence of pectic substances has been established in five impor- 
tant mature softwoods. Since their presence has previously been estab- 
lished in some mature hardwoods, pectic materiab appear to be normal 
constituents in many mature woods. 

2. Although the methods used in isolating pectic materials from wood 
are not quantitative, they may be present up to 0.5 per cent in softwoqds. 

3. These materials appro.ximate the composition and have some of the 
properties of pectic acid. Changes in the solubility and losses during puri- 
fication can best be explained on the assumption that some hydrolyas 
occurs during isolation and purification of the pectic substances. 

4. An improved method has been devised for isolating pectic materials 
from softwoods by converting the wood to holocellulose and extracting this 
with a 2.5 per cent solution of ammonium hydroxide. 

5. An improvement has been made in the method of separating pectic 
materials from lignin, hemicellulose, and other carbohydrates that are 
coextracted from wood. 

6. Failure to remove pectic materials from hemiceUuloses will lead to 
conaderable error in the anal>'ses of the latter because of the lugh uronic 
acid content and high specific rotation of the pectic materials. 
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A number of viruses responsible for disease in plants and animals have 
been purified in recent years and much has been learned of their chemical, 
physical, and, follovring the introduction of the electron microscope, mor- 
phological characters. In contrast, the bacterial viruses have been given 
relatively little attention in the application of the methods of purification 
and study employed for other viruses. Moreover, much of the significance 
of the results thus far obtained is obscured by the use of different bac- 
teriophages in the various investigations. Schlesinger (1-3),- combining 
ultrafiltration and centrifugation, purified a bacteriophage of Bacillus 
coni' and found it to be constituted of protein and an ether-soluble fraction. 
The material contained 3.7 per cent phosphorus, which was considered 
(3, 4) to be bound in nucleic acid. Tests for carbohydrate were only weakly 
positive. Using chemical methods, Northrop (5) isolated a “macromolecu- 
lar nucleoprotein” from lysates of cultures of staphylococcus. The mate- 
rial, which possessed the biological properties of the phage, gave sharp 
boundaries in sedimentation diagrams in the ultracentrifuge (6) , but unsedi- 
mentable material was generally present. Similar chemical findings were 
encountered by Pollard (7) in analyses of a Bacillus coli bacteriophage 
purified by McIntosh and Selbie (8). Kahnanson and Bronfenbrenner 
(9), studying the P. C. phage of Escherichia coli, found a low phosphorus 
content (0.07 per cent), and considered that the active agent was protein 
rather than nucleoprotein. Lipide and carbohydrate were not determined. 

Electron micrographic studies of bacteriophage lysates (10-13) of vari- 
ous bacteria have greatly advanced the status of the problem of the mor- 

• This work was aided by the Commission on Influenza and the Commission on 
Epidemiological Sur\*ey, Board for the Investigation and Control of Influenza and 
Other Epidemic Diseases in the Army, Preventive Medicine Scr^dee, Office of the 
Surgeon General, United States Army; and by a grant to Duke University from the 
Lcdcrle Laboratories, Inc., Pearl River, New York. 

‘ The terminology Bacillus coli is used wherever it was employed by the authors 
to whom reference is made. 
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phology of these bacterial viruses. There still remain, however, many 
questions concerning the physical and chemical characters of the agents, 
and, for tliis reason, further experiments have been undertaken on the 
purification and study of bacteriophage. The agent chosen was the Ti 
phage of Escherichia coli, which w'as the same as that previously investi- 
gated by ICalmanson and Bronfenbrenner (9). This agent has been con- 
centrated and at least partially purified by Anderson (14). The electron 
micrographic appearance of the purified material obtained in the present 
work has already been described briefly (15). The present paper is devoted 
chiefly to a description of the technique of purification and to the general 
chemical® and physical cliavactcrs of the agent. 

Materials and Methods 

The Escherichia coli bacteriophage, P. C., of Ifalmanson and Bronfen- 
brenner (9) has been designated as 7 by Delbriick and Luria (16) and as 
T 2 by Anderson (14) and others. The strain of bacteriophage, obtained 
through the generosity of Dr. Max Delbriick, Vanderbilt University, had 
been cultured on the host in synthetic medium. Prom this preparation, 
stock phage was prepared in nutrient broth, as described below. A volume 
of 500 ml. was passed thi'ough a 5 X 1 inch Berkefeld N filter, followed by 
100 ml. of distilled water. The suspension, stored at 2-8°, maintained its 
potency of about lO*® plaque-forming particles per ml. throughout the G 
months duration of these experiments. 

The host organism, Escherichia coli, strain B (9, 16), also obtained from 
Dr. Delbriick, w'as maintained on 1 per cent nutrient agar slants Mth 
transfers at intervals of 1 day. For each experiment the organism was 
transferred to broth. 

Purification was carried out in parallel on phage cultured on bacteria 
grown in (1) broth and (2) synthetic medium. The media and methods of 
culture were essentially those described by Delbriick (17). The broth 
was Difeo nutrient broth, pH 6.5 to 7.0, to which NaCl was added to 0.5 
per cent concentration. The synthetic medium consisted of NajHPOi 
0 . 6 , ICHsPOi 0.3, MgSO* 0 . 02 , NaCl 0.05, NH 4 CI 0 . 1 , and glucose (c.p. 
grade) 0.4 per cent. The glucose was autoclaved separately in 4 per cent 
solution and added aseptically to the autoclaved salt base. The pH of the 
final medium was 6.9 to 7.1. The nutrient agar for carrying the stock 
culture, as described above, and for titration of the phage, was Bacto- 
standardized agar in 1 per cent concentration in nutrient broth. 

In the production of phage for concentration and purification, batches 

* A portion of the work was described by one of the authors (A. R. T) before the 
meeting of the American Chemical Society at Atlantic City, New Jersey, April 12, 
1940. 
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of 7.5 to 15 liters, distributed in 1500 ml. volumes in 2 liter Florence flasks 
proved convenient. Seed inoculum of bacteria for tbe large volumes was 
prepared in 50 ml. of tbe respective media in 125 ml. Erlenmeyer flasks, 
inoculated with 0.1 ml. of an 18 to 24 hour broth culture of Escherichia coli, 
and incubated for 18 boms at 37°. The broth inoculum, after incubation, 
contained about 2.0 X 10* viable cells per ml. Stock phage containing 
10*“ lytic imits per ml. was added in the ratio of 1 phage particle to 400 to 
700 bacteria, and the flask was shaken and allowed to stand for 5 to 7 min- 
utes. To each 1500 ml. volume of medium, prewously warmed to 37°, 
there were added 30 ml. of the phage-bacteria suspension. The flasks were 
incubated for 8 horns at 37° nith vigorous mixing, manually, every 15 
minutes. (The 500 ml. of stock inoculum described above were prepared 
from a broth culture at this stage.) The individual batches of nutrient 
broth cultures were pooled immediately and stored in the ice bo.x for 7 to 
14 days before processing. The synthetic medium cultures were left over- 
night in the incubator, without further agitation, before pooling. The 
nutrient broth cultiues usually were completely IjEed at the end of S hours; 
synthetic medium cultures were not, even after 24 hours incubation. 

Titration of lytic units was accomplished essentially as described by 
Ellis and DelbrQck (18). Dilutions to be tested were made in broth in 
successive 10-fold increments, and 0.5 ml. quantities of those in the appro- 
priate range were mixed, each with 2.0 ml. volumes of IS hour-old broth 
cultures of the bacterium. After 5 minutes, 0.1 ml. volumes of the mix- 
tures were spread on agar plates, three for each dilution tested. The 
plaques were counted after incubation of the plates at 37° for 16 to 24 hours. 

The purification and analytical procedures employed were similar to 
those used in the work with the papilloma (19) and influenza viruses (20, 
21). The modified laboratory model air-driven Sharpies supercentiifuge 
(20) W’as used for the initial concentration of the phage from the lysates. 
For further purification, the vacuum ultracentrifuge (22) with a capacity of 
120 ml. per run was used. Sedimenting boundaries of the concentrated 
materials were photographed in the air-driven analytical ultracentrifuge 
(23) by means of ultraviolet light of 2400 to 2800 A, by the absorption 
method of Svedberg. The electron microscope was the RCA type B instru- 
ment. All micrographs were made with 55 kilovolt electrons. 

Isolation of Bacteriophage from Lysed Nutrient Broth Cultures 

While the phage was readily concentrated by the centrifugation of freshly 
lysed nutrient broth cultures of 8 hours incubation, purification at this 
stage was very difficult. The fresh lysates contained much mucoid mate- 
rial, and the phage particles were apparently trapped in or coated with 
slimy substance. Filtration of such lysates or preliminary low speed 
clarification runs in the Sharpies supercentiifuge for removal of residual 
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bacteria resulted in the loss of 60 to 80 per cent of the phage activity. 
Much of this phage, sedimented in the low speed centrifugation, could be 
recovered by redispersing the sediment in saline solution and filtering with 
Celite, but this practice was not efficient, since subsequent concentrates 
were always heavily contaminated with imscdimentable protein or other 
ultraviolet light-absorbing material. 

Contrary to the findings with the fresh lysates, however, it was observed 
that the troublesome effects of the mucoid material could be avoided by 
allowing the lysates to stand in the refrigerator for a time before applying 
the purification procedures. During this period, a granular or flocculent 
precipitate sedimented in progressively increasing amounts in association 
with a diminution of the slimy material. Studies on lysates at various 
intervals showed that the most satisfactory results, with respect both to 
yield and to the elimination of the mucoid material, w'ere obtained when 
the lysates were kept in the refrigerator for 7 to 14 days before purification 
was begun. 

Elimination from the lysates of bacteria and bacterial ddbris, as well 
as most of the flocculated mucoid material, after the interval of 7 to 14 days 
was accomplished in the earlier e.xperiments by preliminary low speed 
spinning in the Sharpies centrifuge. The pooled lysate (crude lysate) was 
run into the standard 160 ml. separator bowl, rotating 40,000 r.p.m. ( 39,0003 
at the bowl periphery), at a rate of 14 liters per hour. The lysate was 
followed by 1 liter of chilled, sterile 0.9 per cent NaCl solution (adjusted to 
pH 6.5 with 0.1 N NaOH). The effluent fluid (clarified lysate) containing 
the phage, collected in a 10 liter Pyrex bottle, was ready for the concen- 
tration run in the Sharpies centrifuge. 

In later experiments it was found that filtration of the broth lysates 
through 10 inch 6 or 7 pound Handler candles removed bacterial ddbris 
and flocculated material more efficiently, with less loss of phage activity, 
than did centrifugal clarification. This filtration technique was then used 
routinely in the preparation of broth lysate (filtered lysate) for subsequent 
centrifugation. 

For the initial concentration of the phage, the lysate, clarified or filtered, 
was passed through the 50 ml. concentration bowl (20) of the Sharpies 
centrifuge at a rate of 2 liters per hour. The bowl speed was 45,000 b.p.m. 
(49,000p). The lysate was followed by 1 liter of sterile 0.9 per cent saline, 
pH 6.5, at the same rate of flow. The bowl, plugged and capped (20), 
was shaken vigorously and generally set aside overnight in the refrigerator. 
The chilled bowl was again shaken thoroughly for 10 minutes, the 50 ml. 
of concentrate were poured into a sterile beaker, and the bowl was washed 
with three 20 ml. portions of sterile saline. The wash fluids were added 
to the concentrate. 
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The suspension was opalescent and showed a slight yellowish color due 
to a residual small amount of mucoid material, which, in contrast with that 
in fresh lysates, was in the form of finely divided, strand-like particles. 
This material was readily removed by angle centrifugation at 2000j for 10 
minutes in 50 ml. lusteroid tubes. The resulting supernatant was siphoned 
off, and the pellets were washed into a single 15 ml. lusteroid tube with 10 

ml. of saline and again angle centrifuged. The combined wash fluid and 
initial supernatant (Sharpies angled concentrate), 120 to 250 ml., depending 
upon the volume of the starting material, showed a bright blue, opalescent 
Tyndall effect and were now devoid of yellow color. The angle centrifuge 
residue (Sharpies angle residue) was suspended in 10 ml. of saline solution 
for subsequent titration and analysis. 

The Sharpies angled concentrate was distributed in 15 ml. portions and 
spun in the chilled rotor of the ultracentrifuge at 20ftQ0g for 40 minutes. 
The supernatant (ultracentrifuge supernatant) was poured from the 3 to 4 

mm. pellets of bluish, translucent, gel-like material. No extraneous mate- 
rial other than a few dust particles was seen, and the pellet of each tube 
was quickly dispersed in 1 or 2 ml. of saline solution by a few swirling 
motions. This suspension, in appropriate volume, was spun 10 nainutes 
in the angle centrifuge at 2000^. The supernatant was pipetted off and 
the angle residue resuspended in 2 to 3 ml. of saline and angle centrifuged 
again. The wash fluid was combined with the concentrate (ultracentrifuge 
angled concentrate), while the angle residue was suspended in 10 ml. of 
saline for titration. The ultracentrifuge concentrate was strongly opales- 
cent and blue, with sharp high lights when viewed by' transmitted light. 

The results of the biological titrations and of estimations of total nitrogen 
distribution in the various fractions, in a typical e.xperiment with bac- 
teriophage from a broth culture, are shown in Table I. The crude, un- 
filtered lysate contained 10’ ” plaque-forming particles per ml. Filtration 
through the ^landler candle in this case resulted in a relatively small loss of 
the phage activity', judging not only by' the titer of the filtrate but by' the 
titer of the Sharpies angled concentrate and that of the ultracentrifuge 
concentrate. The titers of the Sharpies angled concentrate and of the 
subsequent ultracentrifuge concentrate indicate an essentially complete 
recovery of the activity present in the filtered lysate. The losses shown by 
plaque counts of the Sharpies effluent fluid, Sharpies angle residue, ultra- 
centrifuge supernatant, and angle residue are relatively negligible. It 
.should be emphasized that, once a clarified brolk culture ly'sate suitable for 
centrifugal purification is obtained, the phage activity' can be sedimented 
in the ultracentrifuge repeatedly (at least three times) without appreciable 
loss. This is in marked contrast to the results with phage isolated from 
culture.s in symthetic medium. 
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Isolation of Bacteriophage from Lysed Synthetic Medium Cultures 

In cultures in synthetic medium, the plaque count reached about 10’“‘ 
in 24 hom's incubation and was maintained over the week of standing under 
refrigeration. The growth of phage-resiste’'t bacteria during the longer 
incubation period resulted in a culture more readily clarified by centrifuga- 
tion than by filtration. Consequently, synthetic medium lysates were 
usually clarified with the Sharpies centrifuge, as described for the early 
experiments with broth lysates, though some (Table TI) were filtered. The 


Table I 

Distribution of Nitrogen attd Lytic Units in Purification Fractions of Broth and 
Synthetic Medium Cultures of Escherichia coli Infected with Tt Bacteriophage 


Fraction 

Broth medium 

Synthetic medium 

Total 

volume 

ToUl 

N 

Trter* 

Per cent] 
actlvUyj 

Total 

volume 

Total 

N 

Titer* 

Per cent 
activity 


IQI 

mr. 



mi. 

mr. 



Crude lysate 


9900 

10»” 


14,700 

3350 

1010.10 

100 

Filtered lysate 


9180 

10».7l 




1 


Clarified “ 





14,700 

2910 

lOio.tJ 

Si 

Sharpies eflduent 

9000 

9140 


3.3 

14,700 


10»-« 

13.7 

“ angled con- 








71.8 

centrato 

no 

17.3 

10».«t 

87.8 

225 

32.4 

1010.00 

Sharpies angle residue 

10 

0.7 

io«.T 

0.07 

13 

9.0 

10J.6S 

2.1 

Ultraoentrifuge su- 









pernatant 

no 

2.7 

IQT.n 

1.3 

225 

2.5 

10«-“ 

0.4 

Ultracentrifuge an- 






1 


68.7 

gled concentrate. . . 


13.0 

10».7» 

83.8 

79.1 

29.1 

lOio-o* 

Angle residue 



107.7J 

0.8 

10.1 

0.11 

107.00 

0.006 


* All of the fractions wore diluted on the basis of the original volumes of the crude 
lysate. Titer = number of plaque-forming phage particles per ml. 


remainder of the purification procedure was the same as that used for the 
phage of broth cultm-es. 

In Table I are shomi the results of a typical experiment. The clarified 
lysate contained 84 per cent of the activity of the crude lysate. About 
72 per cent of the activity was recovered in the Sharpies angled concentrate; 
only about 3 per cent was lost during the following ultracentrifugal 
procedure. 


Qualitative Chemical Examination 

T'he final ultracentrifuge concentrates, from both broth and synthetic 
medium cultures, containing 2.0 to 8.0 mg. of phage per ml., show'ed a very 
marked Tyndall effect. The more dilute preparations were bluish; in 
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preparations of higher concentration, the bluish opalescence tended toward 
milkiness, and an orange tint was obser\'ed with transmitted light. Sus- 
pensions of broth phage in 0.9 per cent NaCl solution remained unchanged 
for long periods (2 to 3 months) without visible change or alteration in 
sedimentation characters and appearance in electron micrographs and 
R-ith little, if any, diminution in infectivity. In comparable suspensions 
of synthetic medium phage, on the other ha n d, there soon appeared, in 1 
to 2 weeks, a yellowish sediment and a marked increase in the viscosity of 
the fluid in association with changes in sedimentation characters, as noted 
below. 

Concentrates containing 2 to 3 mg. of phage per ml., heated in the water 
bath at gradually increasing temperature (2° per minute), became clearer 
and more viscous at 58-60°. At 80-82°, the viscous preparation again 
became opalescent. This turbidity steadily increased, and distinct precip- 
itation occurred at 90-92°. The precipitate tended to flocculate and, when 
cooled, the suspension was very viscous. When an equal volume of 0.1 x 
NaOH was added, the cooled suspension did not clear immediately, but did 
so after standing overnight at room temperature, about 25°. The phage 
precipitated immediately at H ion concentrations lower than pH 4.2 to 4.3. 
If the pH was not lowered below 3.0, the material redispersed above pH 4.5 
uithout alteration of sedimentation characteristics. At about pH 10 and 
above, the opalescence disappeared, and the viscosity increased markedly. 

The usual protein tests, biuret, ninhydrin, MOlon’s, xanthoproteic, were 
positive. The Molisch test was initially negative but became positive 
within 15 to 20 minutes, indicating the freeing of bound carbohydrate by 
hydrolysis. The Sakaguchi test was negative, as was the Hopkins-Cole. 
An Ehrlich benzaldehyde test for tryptophane, however, was weakly but 
definitely positive. A strongly positive pentose test with Bial’s reagent 
(orcinol-HCl-FeClj) w-as obtained. Both the Schiff and diphenylamine 
tests were strongly positive. In addition, a strong Burgimdy red color was 
obtained on heating 10 minutes in the water bath at 100° with tryptophane 
and perchloric acid (24). Spectrophotometric examination of an isoamyl 
alcohol extract of this chromogenic material revealed a curve characteristic 
of deso.xyribose (sodium thymonucleate and yeast nucleic acid were used 
as controls). 

The bacteriophage was precipitated on dialysis against distilled water. 
Addition of salt resulted in redispersion without change in the sedimentation 
or infectious characters observed with the material before dialysis. The 
salt-free material frozen and dried in vacuo was inactivated and was soluble 
with difficulty in 0.9 per cent NaCl solution, giving a preparation which was 
quite viscous and tended to froth badly. 

Preliminary elementary and component analyses, with the methods used 
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in previous work (21) were made on the bacteriophage isolated from broth 
cultures, dialyzed against distilled water, then lyophilized and further 
dehydrated over PjOs. The content of nitrogen was 13.5 per cent and that 
of phosphorus 4.8 per cent. The carbohydrate content, expressed as 
glucose, was 13.6 per cent. Estimation of nucleic acid by the method of 
Schmidt and Thannhauser (25) disclosed the presence of both desoxypen- 
tose and ribopentose nucleic acids. The amount of desox)rpentose nucleic 

Table II 


Yield and Infeclivity of Bacteriophage in Representative Experiments 






Lysate 


Ultracentrilusal concentrate 

Medium 

Batch 

Treat- 

ment 

Total 

volume 

Titer* 

Total 

N 

ToUl 

N 

Yield of 
pha« per 
liter lysate 

Infectivity 
(M per 
plaque- ^ 
forming unit} 

Broth 

18 

B 

liters 

9.0 

10».«i 

mr. 

9810 

mr. 

7.10 

mg. 

5.85 

gm. 

lO-H-Dl 


27 

■21 

9.4 

10>.8» 

8930 

7.23 

5.69 

lO-is.n 


30 

■■ 

9.0 

10" -s* 

9180 

13.0 

10.69 

10-1S.41 


31 


9.0 

10»“ 

9693 

9.53 

7.85 

10 -is.n 


33 


9.0 

10’-*» 

9702 

11.6 

9.54 

lO-is.H 


34 

tt 

9.0 

10».M 

8723 

14.25 

11.68 

10 -is.t« 

Synthetic 

22-3 

c. 

15.0 

10».J« 

3213 

2.22 

1.05 

10 -is.H 


24-5 

F. 

15.0 

10>.5J 

3120 

3.62 

'1.79 

10-is.u 


29 

<< 

7.22 

1010.47 

1492 

8.05 

8.26 

lO-n.oo 


29A 

C. 

10.8 

lOio.ii 

2332 

14.5 

9.89 

lO-lS.M 


32 

(( 

14.7 

1010.43 

2910 

29.1 

14.26 

10 -is.Jo 


Average! | 10““'“ 


* Titer = number of plaque-forming phage particles per ml. 

t F. = filtered through a 7 pound Mandler candle (see the text); C. = clarified ia 
the Sharpies centrifuge. 

t Logarithm of the arithmetic average of the numbers corresponding to the indi- 
vidual logarithm. 

acid was 40.0 per cent and that of I’ibopentose nucleic acid 6.6 per cent. 
Alcohol-ether-soluble material was also present to the extent of 5 to 6 per 
cent, of which 2.5 per cent was petroleum ether-soluble neutral fat. 

The yield and infectivity of the purified phage from both broth and s)ti- 
thetic media are shotvn for several experiments in Table II. In all of these 
experiments the phage was sedimented t%vice, once in the Sharpies centri- 
fuge and then once in the vacuum ultracentrifuge. (As noted above, broth 
medium phage can be sedimented repeatedly, three times, with but small 
successive losses. In contrast, as observed in expieriments not cited in 
Table II, repeated sedimentation of the S 3 mthetic medium phage results 
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titers of the Ses « 

medium. The higher yields of 10 toTs sjuthetic 

ence mth the purification process are esperi- 

appeared to be no difiFerence referthu t ^ r ■ ^ ^Prcsentata'e. There 
tion with the Sharpies centrifu^'e fn ^ filtration or clarifica- 

medium lysates. for removal of bacteria from synthetic 

»i2y“etrS^'«"‘^ MMuremenls of Table II aon, conducted at 

- j«“ Stir' *£ 

form. The a^raee amntmf appeared fairly uni- 

the average unit fL hrot^^ ruhogen per lytic unit was 10-“-^ gm., 
sj-nthetic medium. ^ identical with that of phage from 


^^lTTl€TlUt(tOtl CUldTOciCT^ 

ia HltratenWug^ behavior hitherto not observ'ed 

in two states with widTlv “^*etial apparently may e.vist 

reversal in either ri- ^ differmg rates of sedimentation. Complete 

"■ill The T nho. f ’ ^’^’^nres of the tivo states can be obtained at 

Staphylococcus nhavf- « ^ instance of the 

"ith the T. bacteriolih^/'^^l ^^*^ sedimentation diagrams were obtained 
aries satisfactory for ^ concentrations of 0,04 mg. per ml. Bound- 
'««Mtatiom„%.o, leduncutotion rote „,„Ited trith 

Of about^e reported here were aU made in the pH region 

0-9 per cent VaPi ^ concentrate of broth phage obtained in 

TbereisSenan i!; ^^own in Te.vt-fig. 1. 

« no evidence ®®r^entmg boundary above which there 

degreeTf pStvIfThf 

sedimentatfnn ^ preparation by this method of examination. The 

terials of these prepwation was S,,. = 725 X 10-“. ila- 

evperiments imcleJtu '’'I— e^tained with only one e.xception in twentv 
^Tien h ^ conditions described. 

tbe purification^''’ ® solution was used as the dispersion medium for 

boundaries o, = 1 ,^'^°'^^’ material, e.vamined immediately, gave two 
instance were Te.\-t-fig. 2. The sedimentation constants in this 

rations ivere allmv ri ^ ^ ^ ^'rch prepa- 

roniponent hen, ^ ^ for several days, the fast 

me more prominent, while the more slowly sedimenting 
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component diminished in concentration. In some instances, the slow- 
component disappeared completely. This change occurred without the 
appearance of unsedimentable material or alteration in the infectious 
capacity of the preparation. 

Further study showed that the difference betiveen the behavior in NaCl 
solution and that in Ringer’s solution was probably due to the presence of 
calcium in the latter. It was found that the addition of CaCh to a concen- 
tration of 0.023 SI to a preparation of = 720 X 10"^*, similar to that of 
Text-fig. 1, effected an immediate complete transition to the state in which 
only the fast component was present. This is illustrated in Te.xt-fig. 3, 
in svhich there is seen only the boundary iSjo* = 1048 X 10~“. The bound- 
ary of the fast component was usually not quite as sharp as that of the 
more slowly sedimenting component. The reverse transition of the fast 



Fio. I Fig. 2 

Text-Fig. 1. Sedimentation diagram of the bacteriophage suspended in 0.9 per 
cent saline solution. The concentration of phage was 1.1 mg. per ml. The mean 
centrifugal acceleration was 7230^ and the time interval between pictures 21 minutes. 
The sedimentation constant was Sia° = 725 X 10“”. 

Text-Fig. 2. Sedimentation diagram of the bacteriophage suspended in Ringer’s 
solution. The concentration of phage was 1.4 mg. per ml. The mean centrifugal 
acceleration was 7230? and the time interval between pictures 2} minutes. The 
sedimentation constants corresponding to the upper and lower boundaries were Sn’ 
= 720 X 10”“ and S-o- =» 1031 X 10”“, respectively. 

component, present in 0.023 m CaCla solution, to the slow component could 
be effected immediately by 10-fold dffution of the preparation with 0.9 
per cent NaCI solution, thereby reducing the CaCIa concentration to 0.0023 
M. That this was not related simply to dilution of the phage was evident, 
for the fast boundary was obtained routinely in 0.023 m CaCh solution 
with a phage concentration as low as 0.04 mg, per ml. 

In media of very low salt content, the phage did not give sharp bound- 
aries of either sedimentation rate ; instead, a broad band of diffuseness was 
seen in the region between the approximate limits expected of boundaries of 
Sao- = about 1000 X 10”“ to Ssa- = about 700 X 10-‘®. Sharp . boundaries 
were obtained without evidence of degradation of the material in high salt 
concentration, up to 18 per cent NaCl, or 15 per cent CaCh. 

As noted above, preparations of the phage from synthetic medium dis- 
persed in NaCl solution undergo visible change in 1 to 2 weeks in the refrig- 
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erator. Sedimentation diagrams showed a diminution in the material of 
Sjo- = about 700 X 10~“ in association with the appearance of a new sharp 
boundary of = 14 X 10”^’. Further changes toward degradation 
resulted in the appearance of unsedimentable material. 

The finding of two boundaries associated ■with the fully infectious mate- 
rial raised the question of the state in which the phage exists in the lysates. 
This was investigated firet bj' direct examination of lysates of Escherichia 
coli grown in synthetic medium, an examination possible because of the high 
concentration of the phage, its high ultra\-iolet-absorbing power, and the 
low ultra\-iolet absorption of the medium itself. In Text-fig. 4 there is 
shown a distinct sharp boundary' nith a sedimentation constant of Sit,’ = 
about 1000 X 10~’’. As expected, there was present, also, much unse- 
dimentable material (probably due to bacterial degradation products). 




Fig. 3 Fig. 4 

Text-Fig. 3. Sedimentation diagram of the bacteriophage obtained in the pres- 
ence of 0.023 it CaCl- in the suspending medium. The concentration of phage teas 
1.4 mg. per ml. The mean centrifugal acceleration was 7230j and the time interval 
between pictures 21 minutes. The sedimentation constant was S-s,' = 104S X 10“”. 

Text-Fig. 4. Sedimentation diagram of bacteriophage in a crude synthetic me- 
dium lysate. The titer of the lysate was 10“‘ plaque-forming units per ml. The 
mean centrifugal acceleration was 72303 and the time interval between pictures 2J 
minutes. The sedimentation constant was iS-o* = about 1000 X 10”“. 

Further evidence that the state resulting in the boundary' Sjo* = about 
1000 X 10”'’ is representative of the phage in the lysates was shown by 
comparing the sedimentation of the phage infectivity of a broth lysate with 
that of the influenza virus B, which has a sedimentation constant of Sits’ = 
S24 X 10”". The procedures employed were those described (26, 27) in a 
similar comparison of influenza viruses A and B with the papilloma \'irus. 
The results showed that the phage infectivity sedimented at a rate much 
greater than that of influenza virus B, a rate more compatible with phage 
particles of Sm- = about 1000 X 10”" than of S;o* = about 700 X 10”'*. 

Electron Micrography 

I-ike most other \iruses, the bacteriophage in purified preparations was 
very difficult to portray in the electron microscope. The chief difficulty, 
that of obtaining an even distribution of a large number of particles on the 
collodion screen, was surmounted by the addition of calcium chloride to the 
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suspending medium as in the work with the equine encephalomj'elitis (28) 
and influenza viruses (26, 27). By this means, the contrast in the images 
was likewise greatly increased, though the internal structure was entirely 
obscured. 

Electron micrographs of the purified To bacteriophage from broth culture 
lysates, obtained both in the conventional way and by the “shadow” tech- 
nique (29), have been shown in a previous report (15). This phage, as 
observed (10) in crude lysates, is a tadpole-shaped particle with a large 
head, essentially a short rod (15) with conical or rounded ends, and a slender 
tail terminating distally in a slightly'- broader knob or disk-shaped structure. 
A micrograph of particles obtained from a broth lysate and treated with 
calcium chloride in 0.023 .if concentration is portrayed in Fig. 1. In Fig, 
2 there are showm the particles obtained from a lysate in synthetic medium. 
On inspection, it is seen that the particles from the two types of lysates are 
closely similar; a significant difference, however, is clearly evident in the 
length, especially of the tail structure. That of the phage from symthetic 
medium lysates was significantly longer than that of the virus from broth 
cultures. Measurements reveal that the head pieces are likewise some- 
what larger. The values of the sizes from measurements on small numbers 
of the images from broth lysates are length of head piece 100 m^, and width 
80 mg ; length of tail piece 111 mg, and -width 18 mg ; and over-all length 211 
mg. Analogous values for phage from synthetic media were 113 and 86 mg; 
135 and 20 mg; and 248 mg. It should be emphasized that these values 
were obtained with the particles dried in the air and then in the vacuum 
of the electron microscope, and may not represent the true values for the 
particles in aqueous medium. 

In order to observe the internal structure in the particles of purified 
preparations, like that seen in the particles of crude lysates (10), efforts 
were made to obtain micrographs in the absence of calcium. As shown in 
Fig. 3, fair success resulted vdth particles from wliich most of the salt had 
been dialyzed with distilled water. The contrast in the images is low, and 
the limits of the particles are indistinct. Inside the particle, however, 
there are seen regions, usually two, of segregated material of relatively high 
electron absorption. Agglomeration, observed macroscopically' in dialyzed 
concentrates, is likewise seen here. Washing with distilled water of par- 
ticles dried on the screen from salt solutions sometimes yielded the bizarre 
forms seen in Fig. 4. The particles appear greatly swollen and rounded, 
the periphery is fairly distinct, and the characteristic internal structure 
seems faded. Such an appearance might result from rapid imbibition of 
water by and swelling of the previously dried particles. This possible 
osmotic effect could occur if it were assumed that a large amount of salt 
was taken up by the particles during the course of the drying process. Such 
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a possibility is not mconceivable, for, as indicated below, tbe particles are 
apparently enclosed within a membrane-like structure. To what extent 
the images represented artifacts cannot be judged at present. 

A micrograpb of particles dried from CaCli solution and shadowed with, 
chromium is given at low magnification in Fig. 5, chiefly to show the pre- 
ponderance of characteristic forms and the absence of significant numbers 
of small particles of other sorts. A somewhat different appearance of the 
shadowed bacteriophage was obtained with the virus, the same preparation 
as that of Fig. 3, from which the salts had been removed by dialysis against 
distilled water. In this instance the particles were shadowed with gold. 
The result is shown in Fig. 6, where it is seen that the surface contours of the 
particles are not smooth; instead, there is unevenness, which gives the 
appearance of protrudon of internal structures beneath the surface. The 
shape and location of the apparent surface mounds correspond closely 
to those of the regions of high electron-absorbing power seen in the con- 
ventional electron micrograph of Fig. 3. Analogous surface protrusions 
have been seen in micrographs of shadowed elementary bodies of vaccinia 
(15). 

A most interesting and probably significant finding is illustrated in the 
micrograph of Fig. 7. Here there are seen many images of characteristic 
outline but seemingly empty with respect to the electron-absorbingmate- 
rial of the head piece, as previously observed by Anderson (14). These 
forms or ghosts have the appearance of limiting, membrane-like structures 
from which the internal contents have escaped or have undergone pro- 
found changes. Similar forms, less clearly seen, are present also in Figs. 
1 and 2. Structures somewhat analogous to these are the ghost forms seen 
in preparations of vaccinial elementary bodies (30), some of which have 
apparently ruptured, spilling the contents to the outside. It is notable 
that the calcium does not greatly enhance the contrast of these limiting 
structiues of the bacteriophage, which suggests that its action may be 
exerted on the material contained inside the particle. 

DISCUSSION 

The application of centrifugal purification procedures to cultures of 
Escherichia coli grown in broth or synthetic medium and lysed by the T; 
bacteriophage has been consistently productive of a material which e.xhibits 
uniformly the biolopcal behavior of the bacterial virus. The yields of 
activity from both broth and synthetic medium lysates were high, repre- 
senting in some instances about 85 per cent of that initially present in the 
crude lysates. The rate of seihmentation of the activity from the lysates 
by the Sharpies supercentrifuge and the ultracentrifuge corresponded well 
with that of the purified material examined in the analytical ultracentrifuge. 
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Though infcctivity measurements made on the purified material cannot be 
employed as a quantitative index of purity, the values of the infectious 
units of the various preparations were higlily uniform. 

The sharpness of the two separate boundaries observed in the analytical 
ultracentrifuge, together with the absence of unsedimentable material in the 
sedimentation diagrams, constitutes evidence of a high degree of homo- 
geneity of the material'with respect to particle size, shape, and density. 
The small particles of 2 to 8 m/i in diameter, indicated by diffusion methods 
(9), were not present in suflacient amounts for detection in the sedimenta- 
tion diagrams. Further, the centrifugal fields employed for purification 
were not great enough for the differential selection of particles of these 
dimensions. In the electron micrographs, only one type of particle was 
consistently present in more than a trace. While particles of 2 to 8 mp 
in diameter might be visualized only with difficulty, if at all, in the electron 
microscope, particles of 12 m^ji or more in diameter w’ould have been demon- 
strable, if present in significant amount, especially in the shadow 
micrographs. 

Small particulate components from the tissues or fluids of the host have 
provided complications in the purification of other viruses (31, 32), but in 
each instance the methods of ultracentrifugal analysis or electron microg- 
raphy have sufficed to demonstrate (26, 28) their presence. The doubtful 
reliability of diffusion methods for the estimation of virus particle size was 
clearly shown in the instance of the influenza virus A (PR8 strain), which 
was judged by this method to be about 9 m^ in diameter (33) and which 
■was subsequently found (34, 35) by other means of measurement to be 
about 100 mu in diameter (an average value). Furthermore, the intimate 
biological relationslup between the "virus particle of characteristic shape and 
size and its bacterial host has been beautifully sho'wn in repeated studies by 
Anderson and his associates (10, 14). A consideration of the various ultra- 
centrifugal and electron micrographic data together ■adth the biological 
findings provides a preponderance of e'vidence that the characteristic 
particles of the purified preparations are identical 'with the Tj bacteriophage. 

A purpose of the present work was to obtain data of possible significance 
in interpretations of the natme of bacteriophage, which has been regarded 
by many as a macromolecular protein (9) or nucleoprotein (5). Such 
interpretations imply that phage is an inanimate entity devoid of autonomy 
and dependent on the host cell for the immediate ■vital processes necessary 
for reproduction of the phage particles. Interpretations in this vein have 
been implemented by frequent comparisons (5, 9) of the characters of the 
bacteriophage "with those of enzymes and autocatalytic enzymes. It is 
notable, however, that no proof of molecular nature has been reported; 
instead, there are available only negative findings pertaining to failure 
to demonstrate "vital processes usually considered as criteria of li"ving matter . 
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Certain of the data obtained Rith the Tj bacteriophage proA-ide pre- 
sumptive evidence against the molecular hypothesis. Chemical analyses, 
described briefly here and in detail in another report (36), show that the 
agent consists of protein, lipide, and nucleic acid of two types. The electron 
microscope reveals that the constituents are arranged in the particle in a 
highly organized and differentiated manner. The material n-ithin the 
head piece shows not only segregated regions of high electron-absorbing 
power surrounded by material of low absorbing power, but differentiation 
as well from a limiting structure which is left behind like a membrane still 
attached to the tail process when the material escapes to the outside. The 
chemical constitution of the whole virus particle and the appearances of 
organization are no less complex than the analogous characters of the host 
organism (36). In view of the exhibition of clearly defined differentiation, 
it seems improper to refer to the bacteriophage as a nucleoprotein; rather, 
like its host and other living cells, it is an organized complex of these con- 
stituents. In addition, the complex is subject to change in size, as shown 
in the electron micrographs, and in chemical constitution in response to the 
nature of the medium in which the host grows. The quantitative changes 
in constitution do not parallel analogous variations in the host (36) in 
response to different environments. Despite these significant changes, 
however, the virus maintains the fundamental characterizing capacity to 
parasitize and increase in the presence of the specific host. 

An explanation of the two distinct boundaries of greatly different rate 
of sedimentation, both associated wdth the same material of constant activ- 
ity, is not apparent wth the present information. The phenomenon has 
been observed in relation not only to the presence of calcium but also to 
hydrogen ion concentration, as described in another report. There is 
some reason (37) to believe that the boundary characterized by iS:o- = 
about 1000 X 10”“ represents the phage dispersed as individual particles, 
or possibly as aggregates of one type of cohesion, while that of S-g- = 
about 700 X 10”“ is in a state of aggregation of another type consisting 
of two or more particles per group. The reason for the effect of calcium 
in converting the material of S-o* = about 700 X 10~“ into that of Sza’ = 
about 1000 X 10~“ is obsem'e. Xo evidence Iras been seen of the splitting 
of the particles of Sjo- = about 1000 X I0~“ into smaller particles, nor have 
electron micrographs been obtained of aggi-egates of pairs or other multiples 
of particles occurring uniformly. The phenomenon was not obser\'ed by 
Wyckoff (6) with the phage of staphylococcus, nor were the gel prepara- 
tions occurring in his work encountered with active preparations of the 
T. phage. The problem of the two boundaries of the T; phage rtU be 
discussed in further detail in association with a report (37) of the studies 
of the effects of hydrogen ion concentration. 



256 


ISOLATION OF DACTERIOPHAOE 


SUM.MAUY 

The T 2 bacteriophage of Escherichia coli (strain B) has been piuified by 
preliminary filtration or spinning of lysates in broth or synthetic medium 
in the Sharpies centrifuge for removal of bacterial ddbris, followed by 
sedimentation of the virus in the Sharpies centrifuge and further concen- 
tration of the agent in the vacuum ultracentrifuge. The concentrates 
possessed uniformly the specific biological activity of the Tj bacteriophage 
in its action on the host. In the analytical ultracentrifuge, the fully 
active concentrates in 0.9 per cent NaCl solution as the suspending medium 
gave a single sharp boundary, one ivith a sedimentation constant of Sso’ = 
about 700 X 10"“; in 0.023 m CaClj solution, a single, slightly less sharp 
boundary was obtained with a sedimentation rate corresponding to Sjo" = 
about 1000 X 10"“. The two states were fully reversible by suitable 
changes in the medium, or mixtures of the two states could be obtained as 
desired. No difference was seen between the sedimentation rates of the 
virus from broth and that from synthetic medium. The purified bac- 
teriophage obtained from broth lysates appeared more stable than that 
from synthetic medium ; the latter began to disintegrate within 1 to 2 weeks, 
the suspension became viscous, and a new component of Sza^ = about 14 
X 10"“ appeared. Further degradation Avas associated with the appear- 
ance of unsedimentable material. In the electron microscope, there Avere 
seen characteristic tadpole-shaped particles of 211 mfz total length and 80 
m/t Avidth of head piece for the broth bacteriophage, and 248 and 86 mp 
for the bacteriophage from synthetic medium. There AA'as definite mor- 
phological differentiation in internal structure. Some of the images AA’ere 
of the characteristic outline but devoid of the contents of the head piece, 
having the appearance of limiting, membrane-like structures. 

Chemically, the agent from broth lysates consisted of protein 50.6 per 
cent, lipide 5 to 6 per cent, and carbohydrate 13.6 per cent. There Avas 
present 40 per cent nucleic acid, of AA'hich 33.4 per cent AA-as of the desoxy- 
pentose and 6.6 per cent of the ribopentose type. The nitrogen and phos- 
phorus contents of the AA’hole complex AA-ere 13.5 and 4.8 per cent, respec- 
tively. The best yields of the virus Avere 10 to 15 mg. per liter of either 
broth or synthetic medium lysates. The unit of infectivity contained 
jQ-15.88 gjjj Qf nitrogen. 
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EXPLANL\riON' OF PLATES 

Plate 1 

Fig. 1. Bivcteriophagc from a broth lysate of Escherichia coli. The purified phage 
suspension placed on the collodion film contained 0.023 .rt CaCIj. Magnification 
11,000 X. 

Fig. 2. Bacteriophage from a synthetic medium lysate of Escherichia coli. The 
purified phage suspension placed on the collodion film contained 0 023 ii CuClj. Mag- 
nification '11,000 X. 

Fig. 3. Bacteriophage from a broth lysate of Escherichia coli. The suspension 
placed on the collodion film had been freed of salt by dialysis against distilled aater 
at 2-8°. Magnification 11,000 X. 

PuTE 2 

Fig. 1. Bacteriophage from a broth lysate of Eschciichia coli. The bacteiioph.ige 
suspension inO 0 per cent NaCl solution was diluted with 15 volumes of distilled water 
before it was placed on the collodion film. After drying, the film was washed with 
distilled water. Magnification 11,000 X 

Fig. S. Bacteriophage from a broth ly3.ate of Escherichia coli, prepared as for Fig. 
1 and then shadowed with chromium at the angle whose tangent is J. Magnification 
17,700 X. 

]*LvrE 3 

Fig. 6. Bacteriophage from the same preparation as Fig. 3. The dialyzed bac- 
teriophage, after drying on the collodion, was shadowed w ith gold at the angle whose 
tangent is f. Magnification -11,000 X. 

Fig. 7. The same preparation as that of Fig. 1 shown at the magnification 17,700 X. 
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In, accompatvying leports, there ate described the pniificatioa and certain 
of the physical and chemical characters (1, 2) of the T* bacteriophage of 
Escherichia coli, strain B, obtained from lysates of the host organism grown 
in both broth and synthetic media. 

In further work on the virus, studies were undertaken to determine the 
pFects of hydrogen ion concentration on the stability of virus infectivitjy 
in parallel ^Yith an examination of the phyaeal stability of the virus particle 
under like conditions, as determined in sedimentation diagrams. In 
previous studies (1) there were observed two distinct and greatly different 
rates of sedimentation of the fully active vims under different conditions. 
When the bacteriophage was suspended in 0.9 per cent NaCl solution, a 
sedimentation rate of Sjo* = about 700 X 10~” was observed; in the pres- 
ence of 0.023 M CaCl:, S:o* = about 1000 X 10“'* was found. The two 
states could be reversed, or a mixture of the two could be obtained by 
appropriate changes in the suspending medium. In the work described 
in this paper, there was encountered an identical phenomenon of the same 
two sedimentation rates, but unrelated, in this instance, to the presence of 
calcium. In media more acid than pH 5.8, the more rapidly sedimenting 
component alone was observed, while above this pH region only the slower 
one was seen. The present report is concerned with the results of these 
studies on the effects of hydrogen ion concentration on the infectivity and 
physical behavior of the virus particle. There are described, also, experi- 
ments to study the effects of virus concentration on the rate of 
sedimentation. 


Materials and Methods 

The T- bacteriophage (3), which has been designated as P. C. (4) and 
7 (5), was purified as previously described (1). The agent, obtained 
from lysates of Escherichia coli grorni in nutrient broth, was employed 

• This work was supported chiefly by a grant to Duke University from the Lederle 
Laboratories, Inc., Pesrl River, New York, and in part by the Dorothy Beard Re- 
search Fund. 
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for the studies on pH stability, since, as already noted (1), it appears more 
stable, after purification, than tliat derived from lysates in synthetic 
medium. 

The buffer solutions for the studies on the stability of infectivity were 
prepared by dissolving 2.051 gra. of sodium acetate (0.025 m), 5.152 gm. 
of sodium veronal (0.025 .m), and 2.922 gm. of sodium cirloride (0.05 m) in 
nearly 1 liter of distilled water. In making the individual solutions to 1 
liter, HCl or NaOH was included to give the desired pH. A series of 
buffers, at successive intervals of appro.ximately 1 pH increment, was 
prepared in the range between pH 2 and 11. 

The buffers of various pH values were distributed in 18 ml. volumes in 
25 X 250 mm. Pyre.v test-tubes, and, to each, 2.0 ml. of a concentrate 
containing 5.5 mg. of phage per ml. were added. The tubes were tightly 
stoppered and kept immersed to about half their height, ivell above the 
level of the liquid in them, in a melting ice-water bath at about 0.5° during 
the course of the experiment. The viiTis mixtures were not sterile, but 
precautions were observed to avoid excessive bacterial contamination. 
There was set up, also, a control preparation in which the virus was sus- 
pended in a solution of 0.9 per cent NaCl and 0.1 M phosphate at pH 7.0. 

Immediately before the preparation of the mixtures, the stock phage 
concentrate was titrated (1) and the result used as a basis for calculating 
the extent of the subsequent decline in activity of the test preparations. 
After various time intervals, a sample of 0.5 ml. was removed from each 
mixture and from the control preparation, and the infectivity was deter- 
mined. Another sample of like volume was removed, also, for pH deter- 
mination with the glass electrode. The mixtures were not corrected to 
their original pH during the experiment. 

The purified broth bacteriophage used for most of the studies concerned 
with the effect of pH on the sedimentation characters of the vu’us was a 
part of a large amount prepared for chemical analysis (2). The results of 
e.xperiments made with other phage preparations, also, have been used to 
support some of the generalizations from the e.xperiments described in 
detail here. In all, 62 sedimentation diagrams were obtained. 

Sedimentation rates were measured by means of an air-driven ultra- 
centrifuge (6) whose rotor carried a sector-shaped cell of 5° angle and 12 mm. 
height at a mean radius of 6.5 cm. All runs, except one described below, 
were made at 167 r.p.s., giving a centrifugal field in the cell at mean radius 
of 7230p. Boundary progress was recorded by means of the ultraviolet 
light absorption method of Svedberg. Liquid thickness in the light beam 
(cell thickness) was 5 mm. for all runs. The time interval between ex- 
posures, except in one instance, w'as 2^ minutes. 

The sedimentation rate of the bacteriophage was examined at pH 3.6 
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to 5.8 in acetate buffer, at pH 5.8 to 7,6 in phosphate buffer, and at pH 8.8 
to 10.4 in borate buffer. The buffers were made to 0.2 it concentration in a 
salt solution containing 9,0 gm. of NaGl and 1.0 gm. of KCl per liter. All 
solutions were kept in the refrigerator at 2-8“ imtil a run was to be made. 
The stock virus preparation was diluted to contain 1.25 mg. of bacterio- 
phage per ml. nith the NaCl-KGl salt solution; further dilution in equal 
parts with the appropriate 0.2 ii buffer-saline solution brought the sample 
to 0.625 mg. of virus per ml. and 0.1 xi concentration of buffer at the desired 
pH, the same concentration of NaGl and KCl having been maintained 
throughout. This sample was then raised to room temperature (about 23°) 
before the centrifuge cell was filled. The time elapsing between prepara- 
tion of each mixture and analysis, in all instances, was about 15 minutes. 

The studies of the effect of virus concentration on sedimentation rate 
were made on bacteriophage also derived from a broth lysate. The range 
of bacteriophage concentration was 0.013 to 3.7 mg. per ml. Because of the 
different sedimentation rates related to hydrogen ion concentration, a study 
was made at pH 4.6 (Sjo- = about 1000 X 10”“) and another at pH 6.6 
(Sin- = about 700 X 10~“). The suspending media employed at the 
respective pH regions were the same buffer-salt solutions used at the cor- 
responding pH in the stability studies described above. Sedimentation 
rates have been reduced, wherever possible, to the standard conditions 
of the density and viscosity' of water at 20“. 

Results 

The effects of hydrogen ion concentration on stability of infectivity of the 
bacteriophage are shown in Fig. 1. There occurred a decline in actmty 
throughout the whole pH range studied, but a broad pH region of stability 
was seen between 5 and 9, with an apparent maximum at about pH 5 to 6. 
Somewhat less stability was apparent in the region near pH 7.0, but this 
may have been related to adverse action of the acetate or veronal buffer 
salts at this hydrogen ion concentration. The unattached points of Fig. 
1, which indicate the activity of the control preparation, show a decline in 
infectivity at this pH no greater than that occurring in the region of max- 
imum stability at about pH 5. It is notable that no discontinuity in 
either the general level of iofectivity or stability was observed in the region 
of pH 5.8, where the level of sedimentation constants changed, as described 
below. 

At pH 2.0, the phage coagulated immediately upon contact ivith the 
buffer; at pH 3.0, it precipitated immediately, but did not coagulate. At 

‘ The viscosity mcasureinents of the salt and buffer solutions were made through 
the generous cooperation of Dr. Hans Xeurath. 
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the end of 4 houi-s, the phage at pH 4.0 was precipitated but not coagulated. 
Further tests showed that precipitation of the phage occurred at pH 4.25 
but not at pH 4.50. The piiage precipitating at pH 3.0 and 4.0 could be 
easily redispersed by shaking, and observation of the precipitate under the 
light microscope revealed amorphous aggregates. At pH 11.0, the sus- 
pension of phage immediately lost its characteristic blue opalescence. 

The pH of the virus-buffer mi.xtm'es remained relatively constant at 
pH 8.0 and below, but decreased steadily above 8.0, so that at the end of the 
e.xperiment the buffers at pH 9, 10, and 11 had changed to pH 8.6, 8.93, 
and 9.51, respectively. 



Fig. 1. pH stability of the bacteriophage of Escherichia coli isolated from broth 
lysates. 

In Table I there are given the data obtained from the e.xperiments con- 
cerning the effects of hydrogen ion concentration on the sedimentation 
characters of the virus. The sedimentation rates are clearly grouped at 
two levels, the one at Sic'- = about 1000 X 10-” existing in the region pH 
4.6 to 5.8, and the other, at <820. = about 700 X 10“*’, extending from pH 
5.8 to 9.5. The sedimentation diagram of a preparation at pH 4.6 is given 
in Fig. 2. In this instance Sic- = 1044 X 10-“, and the sedimentation 
characters of the preparation are like those indicated in the diagram pre- 
viously obtained, Te.xt-fig. 3 of (1), in the presence of 0.023 m CaCh at a 
pH of about 6.5. The diagram in the buffer-salt solution at pH 6.6 shown 
in Fig. 3, <820- = 708 X 10““, does not differ from the diagram, Text-fig. 1 
of (1), obtained with the virus suspended in 0.9 per cent NaCI solution at a 
pHI of about 6.5. The transition point between the two levels of sedi- 
mentation constants was close to pH 5.8. At this pH, both of the bound- 
aries were observed in the same sedimentation diagram. 
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Table I 

Sedimentation Constants of Tz BacleriophoQe of Escherichia coli in Relation to 
Hydrogen, Ion Concentration 


pH 

, BuSer 

BH 

RezaarLs 

3.6 

-Acetate 


Insoluble 

4.6 

It 

1044 

Sharp, single boundary (Fig. 2) 

5.6 

tt 

1002 

Slightly diffuse, single boundary 

5.8 

Phosphate 

1016 

Very faint 



750 

Predominant, slightly diffuse 

6.1 

(( 


Sharp, single boundary 

6.6 

(C 


“ “ “ (Fig. 3) 

7.6 

(( 

694 

tt tt tt 

8.6 

Borate 

713 

tt tt tt 

9.3 

tt 

726 

tt tt tt 

10.4 

It 

448* 

Faint, very sharp boundary (Fig. 4) 



13.4 

Predominant, very sharp boundary (Fig. 4) 


• These particular values were not corrected for the relative viscosity or density 
of the suspending medium. See the text. 



Fig. 2. Sedimentation diagram of the bacteriophage at pH 4.6. The sedimenta- 
tion constant was Sso’ = 1014 X 10”*’. 

Fig. 3. Sedimentation diagram of the bacteriophage at pH 6.6. The sedimenta- 
tion constant was <S-o' = 708 X 10”*’. 



Fig. 4 Fic. 5 


Fig. 4. Sedimentation diagram of the bacteriophage preparation at pH 10.4. 
Two boundaries are present ; for that at (a) S = 13 4 X 10”*’ and that at (6) S = 443 
X 10"*’. These values are uncorrected for viscosity and density of the suspending 
medium for reasons given in the text. 

Fig. 5. Sedimentation diagram of the slow component (a) of Fig. 4 The mean 
centrifugal acceleration in this instance was 29,S40<7 and the time interval between 
pictures 5 minutes. The sedimentation constant was S = 13.4 X 10"*’ (not corrected 
for viscosity and density of the suspending medium). 
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Some additional experiments were made to extend the investigation 
beyond the el'fcctive limits of the bulTers used. pH was increased by adding 
NaOH to a borate-buffered sample until a change in the sedimentation 
characters was brought about at pH 10.4. The diagram of Fig. 4, obtained 
at this pH, shows two boundaries, S — 448 X 10~” and S = 13.4 X 10*'*. 
Most of the light-absorbing material ivas the more slowly sedimenting 
component, just beginning to show beneath the meniscus in Fig. 4. This 
slowly sedimenting material, which seemed viscous and which exhibited a 
strong capacity for the absorption of ultraviolet light, is clearly demon- 
strated in the sharp boundary seen in Fig. 5. Inasmuch as viscosity 
determinations on the small volume of the supernatant fluid of this run 
were not made, properly corrected sedimentation constants could not be 
calculated for the boundaries of either Fig. 4 or Fig. 5. Titrations of lytic 
capacity under these conditions showed considerable activity remaining, 
Fig. 1 , and it is possible that the boundary <S = 448 X lO*"*’ is the remainder 
of the material of /Sjo* = about 700 X lO"'*'*, sedimenting at a retarded rate 
through the apparently viscous breakdown products of the major part of 
the phage. 

At pH 3.6 and less, where the phage precipitated immediately, there \Yas 
no evidence of light-absorbing material in the supernatant examined with 
the ultracentrifuge. Mthough the phage precipitated at pH 3.6, its lytic 
activity was not destroyed for some time, as shown in Fig. 1. There was, 
likewise, no evidence of change in physical stability under these conditions, 
for when the precipitate was taken up in 0.1 m phosphate buffer-saline at 
pH 6.6, the boundary = about 700 X 10”*" was obtained in the ultra- 
centrifuge. This boundary was indistinguishable from that of Fig. 3. 
Another sample, adjusted to pFI 1.7 with HCl, then returned to pH 7.5 
with NaOH, did not show any boundary or characteristic blue opalescence. 

It has already been seen (1) that the bacteriophage absorbs ultraviolet 
light strongly and can be photographed in sedimentation diagrams at 
concentrations as low as a few micrograms per ml. Furthermore, dilution 
by a factor of 5 below the concentration (0.625 mg. per ml.) used in these 
experiments causes only a slight change in sedimentation rate under other- 
wise similar conditions, as described below. A sample of bacteriophage at 
pH 4.6 in 0.1 Ji acetate buffer-saline solution, ivhere sedimentation occurred 
at (SiD- = 1044 X lO"*’, was diluted with 4 volumes of 0.2 m phosphate 
buffer-saline at pH 7.6. The resulting pFI was 7.2, and the boundary 
changed to /S 201 = 723 X IQ-'^ with no evidence of damage to the virus. 

Inasmuch as the boundary S 20 - = about 1000 X 10"*" was seen in the 
present work only in those samples which contained acetate buffer, it was 
considered possible that some effect, other than pH alone, brought about 
specifically by the acetate buffer, might be responsible for the difference in 
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sedimentation rates. Even though no such discontinuity occun'ed in 
passing from phosphate to borate buffer in the aikaline range, a different 
buffer was tried to bridge the gap from pH 4.6 to 6.6. For this purpose a 
citrate-phosphate buffer effective over this range was used. In this buffer, 
0.1 M concentration in the XaCi-KCi saline solution as described above, the 
boundaries were as before; i.e., Sza^ = about 1000 X 10“'* at pH 4.0 and 
S:o. = about 700 X 10-“ at pH 6.6. 

In work pre^ously reported (1) it was found that the addition of 0.023 
M CaCl’ to phage suspensions of <S 2 o“ = about 700 X 10“'* caused an im- 
mediate change to jSiq* = about 1000 X 10“'*. These e.xperiments were 
carried on in the range of pH 6.0 to 7.5. In the present work similar 
addition of CaCl; (0.023 .\i) to acetate-buffered preparations of phage at 
pH 4.6 had no effect on the sedimentation constant. It appears that no 
discontinuity in sedimentation rate from Sio* = about 1000 X 10““ at or 
below 5.8 to Sm" = about 700 X 10“'* above this point would exist if 0.023 
H CaClj were present in all samples. 

The effects of the concentration of bacteriophage on sedimentation rate 
are shoTO graphically in Fig. 6. In the upper curve, obtained at pH 4.6, 
there is seen a linear dependence of sedimentation rate on •virus concentra- 
tion in the range of 3.7 to 0.125 mg. of bacteriophage per ml. The next 
dilution, 0.041 mg. per ml., reveals a significant decrease in the sedimenta- 
tion constant. Qualitatively similar results were obtained at pH 6.6, as 
shown in the lower curve of Fig. 6. Again the linear portion extends from 
3.7 to 0.125 mg. of bacteriophage per ml.; at 0.013 mg. of phage per ml., the 
sedimentation constant was sharply decreased. It is observed that the 
slopes of the two linear relations were not identical. 

A means was not at hand for study of the factors responsible for the 
two sedimentation rates of the bacteriophage directly on the particles 
themselves imder the various conditions. Since there was no evidence of 
change in infectious capacity in association -with change in sedimentation 
rate, it seemed possible that both boundaries represented intact particles 
in different states of dispersion or aggregation. This was investigated 
indirectly by the examination of the behavior of Incite models of the bac- 
teriophage sedimenting individually and in various combinations of two or 
more imits. 

The models were made in the shape of the pnage particles to scale meas- 
urements taken from electron micrographs (1). The over-all length of 
each, A of Fig. 7, was 2.5 cm., and the models, made on a lathe, possessed 
cylindrical symmetrj'. The models were allowed to sediment in a glass 
vessel containing XaCl solution, the density of which was about I.IS. 
Under these conditions the motion •was slow enough to avoid large accel- 
eration errors, and it was possible to observe the orientation of permanent 
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translation as well as the sedimentation rate In ViV 7 
dividual model and the various comhinn tmn ’ i ^ “• 

individual units with Duco cement The / P sticking together the 
.a,.y for .sdtacntatio,, Z 

‘unT"'' “"stantZwpleTtoTooE 




Fig 7 r ' .. i - n- . > Yiir ^> 

Escherichia coli in concentw'ted'Nra models of the T. bacteriophage of 

binations. The time of sedimpninf • ®mgly and in various simple com- 

10.9, .nd.i (app™M..:LZX„u; 

ing sedimentation rate inarhifr.1 •. respectively; the correspond- 

In. the data of Fin 7 twn i 

apparent. The creatP«fVof f SJ’oups of sedimentation rates are 
unit, A. Nearlv the «nrYi f °i ®®'^™®ii*o,tion was that of the individual 
arrangements B and C ^n^ ^ values of 

an-angements of fa ,‘“t "fa ? “ 

gave values of 69 to 72 ahnnt ^ “ opposite directions 

unit. Arrangements A n a than the value for a single 

f followed .a'paTZp^CZZZT^ ““ 

intermediate and apparentlv im t longest axis. G and H assumed 
PPaiently unstable positions during sedimentation. 
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DISCDSSIOJt 

The results of the studies on pH stability of the bacteriophage were 
similar to those with other viruses in revealing an approximate parallelism 
between the range of stability of virus activity and the phj'sical stability 
of the virus particle. As in the instance of other viruses, the range of 
stability of infectivity was somewhat narrower than that of phiRical stabil- 
ity. The results of studies being made on the electrophoretic behavior^ 
of the bacteriophage indicate an isoelectric point at about pH 4.2, which 
corresponds to the acid region where precipitation of the bacteriophage 
begins. As in the instances of the vaccinia (7), equine encephalomyelitis 
(8), and influenza (9) viruses, there was no region of redispersion and 
stability of infectivity below the isoelectric point. This is in contrast 
to the behavior of the papilloma virus (10). 

The “sedimentation constant” of the bacteriophage does not remain a 
constant with respect to concentration of the phage at either of the fwo 
levels observed. This variation is not imique, for it has been observed 
repeatedly (11, 12) with other purified viruses, the sedimentation constants 
of which tend, in general, to increase slowly and linearly with dilution to 
the lowest concentrations with which results can be obtained. A sig- 
nificant difference between the results with the bacteriophage and those 
with other viruses was seen, however, in the abrupt decrease in the sedi- 
mentation constant in the lowest concentration. An explanation of this 
behavior of the bacteriophage is not apparent. The difference in slopes 
of the two lines of Fig. 6 in their straight parts may be indicative of differ- 
ences in aggregation, interaction, and orientation of the phage particles 
in the ultracentrifuge cell at the different pH values. It is not knoum 
whether other viruses show this anomalous behavior at very low concen- 
trations, for their sedimentation rates have not been accurately measmed 
under these conditions. Only the exceedingly great ultraviolet light- 
absorbing power of the bacteriophage makes its sedimenting boundary 
visible at concentrations as low as 13 y per ml. It has been customary to 
take as the true sedimentation constant the ralue obtained from extra- 
polation to zero concentration. A statement of a single sedimentation 
constant characteristic of the T- bacteriophage at infinite dilution is clearly 
impossible, as the usual methods of extrapolation do not apply. 

The extent to which the ex'periments with Incite models can be emplo 3 -ed 
in explaining the phenomenon of the two sedimentation rates of the bac- 
teriophage remains uncertain. It is clear that the sedimentation of such 
large models at comparatively high speeds is not influenced by the violent 

• Cooper, G. It., Sharp, D. G., Taylor, A. R., Hook, .A. E., and Beard, J. tV'., to be 
reported. 
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Brownian movement and other effects to Avhich vims particles are subject 
while sedimenting in an ultracentrifuge. Nevertheless, the similarity of 
the behavior of the Incite models in different combinations to that of the 
bacteriophage in relation to salts or pH seems too close to be entirely 
fortuitous. It is apparent from the data of Fig. 7, as might have been 
deduced from the theories of hydrodynamics, that two general types of 
orientation in fall or sedimentation were encountered in the e.vperiments 
with the models, and that these were associated with and responsible for 
the two levels of sedimentation rate observed. The average of the values 
of relative sedimentation rates of A, B, and C was 96, and that of D, E, F, 
and G was 70. The ratio of the two groups, 96/70 = 1.4, was remarkably 
similar to the ratio of the two sedimentation constants of the bacteriophage 
1022/695 = 1.5 (taken from the graph of Fig. 6 at vims concentration of 
1 mg. per ml. and pH 4.6 and 6.6, respectively). One might say that if the 
vii'us particles were as well oriented as the lucite models, it has been shown 
that simple aggregation, brought about in different ways, may cause the 
observed dual sedimentation- behavior of the intact bacteriopliage. It is 
difficult to conceive the nature of factors which might be responsible for the 
aggregation of two or more units under some conditions with head pieces 
all in the same direction and under others with head pieces and tails in 
opposite directions. On the other hand, however, if the findings with the 
lucite models are considered as indications of the behavior of the phage 
particles, a simple e.xplanation of the two boundaries is at once apparent 
on the assumption that S 20 ' = about 1000 X 10"*’ represents the phage 
particles dispersed as units'and that Sio’ = about 700 X 10~*’ indicates a 
state of heterogeneous aggregation. Either of these states might readily 
occur. Some support for the assumption is at hand, for CaCl: has been 
useful in the dispersion, not only of the bacteriophage, but of the equine 
encephalomyelitis (13) and influenza (14) viruses to facilitate electron 
micrography. In addition, electron micrographs of the bacteriophage 
from distilled water reveal the presence of the particles in heterogeneous 
aggregates. 

It is difficult to predict the possible ratio of sedimentation rates of vari- 
ous groups of these lucite models if they were subject to complete disorien- 
tation during the process of sedimentation. Qualitatively, however, it 
seems reasonable to predict a ratio considerably less than the observed one. 
Experiments designed to study the degree of orientation of the bacterio- 
phage in sedimentation runs are in progress, and the results will be pub- 
lished later. 

A further deduction may be made from these e.xperiments; namely, that 
boundaries resulting from dynamic equilibrium betrveen the two possible 
states of dispersion mentioned above do not seem to occur, for they would be 
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seen in the region between Sjo* = about 700 X 10~*’ and Suf = about 1000 
X 10~“, where none has been observed. Such boundaries would be ex- 
pected to vary continuously in sedimentation rate from Sza- = about 700 
X 10“” to iSio- = about 1000 X 10““ with changes in the environment. 
As noted above, no discontinuity in the level of infectivity of the phage was 
see at pH 5.8 with the transition of Sic* = about 1000 X 10“'* to Sic* = 
about 700 X 10“'*. It is not possible, however, to use this finding for 
interpretations relative to hypothetical states of aggregation. Measure- 
ments of infectivity (enumeration of lytic units) were made in high dilutions 
of the phage in which the concentration of the agent was far below that 
employed in the ultracentrifugal studies. In addition, the counts of Ijtic 
units were made on the host organism in media of about pH 6.5 to 7.0, 
where only the boundary S-a* = about 700 X 10~'* was evident under the 
conditions of titration. 


SUlIilART 

The pH range of stability of bacteriophage Ti infectivity extended from 
pH 5 to 9. Physical stability of the dispersed particles, determined in 
sedimentation diagrams, e.xtended through the region of pH 4.6 to 9.5. 
Below pH 4.5, the phage precipitated but the particle remained intact as 
low as pH 3.6, m determined by studies on material redispersed at pH 6.6. 
At pH 10.4, two components were seen, iS = 448 X 10“'* and S = 13.4 X 
10“'* (not conected for viscosity or density of the suspending medium). 

Two sedimentation constants were observed individually in relation to 
pH : below pH 5.8 the angle sharp boundary had a constant of iSjc* = about 
1000 X 10“'*, and above this level there was a single sharp boundary of 
S:o* = about 700 X 10“'*. At pH 5.8, both boundaries were seen to- 
gether, the slower sedimenting component being predominant. 

At pH 4.6, the sedimentation constant Sjo* = about 1000 X 10“'* was 
linearly related to bacteriophage concentrations from 0.125 to 3.7 mg. per 
ml. A sharp decrease in the constant occurred at the concentration of 
0.041 mg. per ml. Similar relations at the level of 5*o* = about 700 X 
10“'* were seen at pH 6.6, where the sharp decrease in the rate relative to 
concentration occurred at 0.013 mg. of bacteriophage per ml. 

A study of Incite models constructed on the lathe in the shape and pro- 
portions of the bacteriophage estimated from electron micrographs showed 
that the rate of sedimentation of single units and combinations of the 
units in salt solution was dependent chiefly on orientation in fall. One 
unit and combinations of more than one unit arranged with tail pieces in 
the same direction fell at closely similar rates, while the rates of combina- 
tions with tails in opposite directions occurred at a different level. The 
ratio of the two levels of rates of fall of the Incite models was exceedingly 
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close to that of the two levels of sedimentation rate of the bacteriophage 
related to pH or to the presence of CaCU reported in previous work. 
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A particulate component of characteristic morphology and behaving 
biologically as the T* bacteriophage of Escherichia coli (strain B) has been 
isolated by centrifugation (1) from lysates of the host grown in nutrient 
broth and in synthetic saline medium. The purified bacteriophage con- 
centrates exhibited a high degree of homogeneity with respect to particle 
kind in electron micrographs (1, 2), and of uniformity in size, shape, and 
density of the particles in ultracentrifugal sedimentation diagrams (1, 3). 
No material extraneous to the particles of characteristic form was evident 
in significant amounts by either method of examination. 

Previous work by other investigators (4-8) on concentrates of various 
bacteriophages has revealed the presence of protein, carbohydrate, and 
nucleic acid, the latter in high concentration . Schlesinger (4) demonstrated 
an undetermined amount of presumably lipide material in concentrates of a 
phage of Bacillus coli and Pollard (7), corroborating the findings of Schlesin- 
ger with respect to protein and nucleic acid, found, in addition, much carbo- 
hydrate. Preliminary chemical analyses (1) have shown that the T; bac- 
teriophage of Escherichia coli is a complex of protein, lipide, and a large 
amoimt of nucleic acid, findings contrary to those of Kalmanson and 
Bronfenbrenner (9), who demonstrated only traces (0.07 per cent) of 
phosphorus. In the work reported here, the chemical analysis of the T» 
bacteriophage has been extended in a more detailed study of the elementary 
and component constitution of the agent obtained from both broth and 
synthetic medium lysates. In addition, it has seemed likely that a direct 
comparison of the chemical nature of the infectious entity, itself, with that 
of its single cell host organism, might reveal im'orrnation providing some 
insight into the host-virus relationship. Consequently, analyses have been 
made in parallel on washed concentrates of the host organism, Escherichia 
coli (strain B). The present paper* is concerned with a description of the 
results obtained. 

* This work was supported cluefly by a grant to Duke University from the Lederlo 
Laboratories, Inc., Pearl River, Xew York, and in part by the Dorothy Beard Re- 
aearcb Fund. 

* The results reported here were described before the Division of Biological Chem- 
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Materials and Methods 

The derivation of the bacteriophage analyzed in the present work has 
been described (1); much of the material was from the same preparations 
as those employed for ultracentrifugal (1, 3) and electron micrographic 
examinations (1, 2). 

Concentrates of Escherichia colt were isolated from cultures in broth and 
in synthetic medium (1) by centrifugal procedures (1, 10) comparable to 
those used for purifying the bacteriophage. The cultures were prepared 
in batches of 15 to 18 liters distributed in 1500 ml, volumes in 2 liter Flor- 
ence flasks. The seed inoculum of bacteria for the large volumes was pre- 
pared in 50 ml. of the respective media in 125 ml. Erlenmeyer flasks, which 
were inoculated with 0.1 ml. of an 18 to 24 hour broth culture of Escherichia 
coli and then incubated for 18 hours at 37°. To each 1500 ml, volume of 
medium, previously warmed to 37°, there were added 30.0 ml. of the seed 
inoculum. The flasks were incubated for 8 houi-s at 37° with vigorous 
mixing, manually, every 15 minutes. Stained preparations from the in- 
dividual 1500 ml. cultures w’ere e.xamincd- microscopically at the end of 8 
hours, the cultures were pooled, and isolation of the bacteria was begun 
immediately. The initial sedimentation of the bacteria w'as carried out in 
the standard 160 ml. separator bowl of the Sharpies centrifuge, rotating 
40,000 R.p.M. (39,000(7 at the bowl periphery). The culture fluid was 
passed through at the rate of 14 liters per hour and was followed by 2 liters 
of chilled, sterile 0.9 per cent NaCl solution to remove the final 160 ml. of 
culture medium. The bowl was plugged (10) before rotation ceased, re- 
moved from the centrifuge, and shaken vigorously for 15 to 20 minutes to 
resuspend the bacteria in the 160 ml. of saline solution. The concentrated 
bacterial suspension was washed into a stej-ile beaker with 20 to 30 ml. 
portions of sterile 0.9 per cent NaCl solution, with aseptic (with respect to 
extraneous organisms) precautions. The suspension was diluted to 400 
ml., transferred to 100 ml. lusteroid tubes, and cleared of gross aggregates 
and a small quantity of flocculated, brorvn pigmented material by spinning 
in the horizontal centrifuge (International centrifuge No. 2) at 1000(7 for 
5 minutes. The milky \vhite suspension rvas siphoned into sterile 100 ml. 
lusteroid tubes and completely sedimented in 30 minutes at 3000(7 in the 
angle centrifuge. The clear supernatant fluid \vas poured off and dis- 
carded. The large white putty-Iikc pellets were resuspended in 200 ml. 

istry at the meeting of the American Chemical Society at Atlantic City, New Jersey, 
April 8-12, 1946. 

^ The samples of Escherichia coli analyzed were obtained during the course of the 
studies on bacteriophage. There was never any evidence, microscopic or cultural, 
of contamination with other organisms. 
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of Sterile saline with the aid of glass beads. The sequence of horizontal and 
angle centrifugation was repeated three additional times. After the final 
sedimentation, the peUets were suspended in a volume of 50 to 75 ml. of 
sterile 0.9 per cent NaCl solution. All transfers were made under ultra- 
violet light (10), and all centrifugation was carried out with the material 
in closed sterile tubes. 

Qualitatii-e Analysis — ^The qualitative chemical findings with concentrates 
of the bacteriophage from both broth and synthetic medium cultures have 
already been reported (1). The usual protein tests applied to the bacterial 
concentrates, biuret, ninhydrin, hlillon’s, and xanthoproteic, were posi- 
tive. The Molisch reaction was immediately positive and became progres- 
sively stronger with standing of the mixture. The Sakaguchi test was 
negative, and the Ehrlich benzaldehyde test for tryptophane was posith-e. 
A strongly positive pentose reaction was obtained with Bial's reagent (or- 
cinol-HCl-FeCh). Both the Schilf and diphenylamine tests were positive. 
A green color was obtained on heating 10 minutes in the water bath at 100° 
with tryptophane and perchloric acid (11). Spectrophotometric e.xamina- 
tion of an isoamyl alcohol e.vtract of the chromogenic material revealed a 
curv'e characteristic of rifaopentose (sodium thymonucleate and yeast 
nucleic acids were used as controls). This is in direct contrast to the result 
of the comparable experiment (1) with bacteriophage in which a red chromo- 
genic material showed a cuiwe characteristic of deso.xjpentose. 

Quanliiaiive Analysis — Concentrates obtained from large pools of start- 
ing material, as described above, and containing 100 to 200 mg. of bac- 
teriophage from each type of medium and 0.5 to 2 gm. of bacteria from the 
respective media were dialyzed against rurming distilled water at 2-8° for 
72 to 96 hours, frozen with dry ice, and lyophilized. The bacteriophage 
and bacterial preparations were treated and analyzed in identical ways. 
The results of elementary and component analyses of the four materials 
and fractions are given in Tables I and II. 

Analyses for carbon, nitrogen, phosphorus, and carbohydrate were 
made on the whole bacteriophage comple.x and on the unfractionated 
bacterium. Samples of 4 to 7 mg. of the frozen and dried materhils were 
weighed into small Pyre.x boats. After the samples were dried to constant 
weight at 40-45° over PjOj, the weights were taken in closed weighing 
bottles. Carbon was determined by wet combustion (12), nitrogen by the 
semimicro-Kjeldahl method with the digestion mixture described by Kirk, 
Page, and Van Slyke (13), phosphorus by the method of Kirk (14), and 
carbohydrate, as glucose, by the method of Tillmans and Pbih'ppi (15). 

Fraclionalion irith Lipide Solvents — Two samples of 100 to 150 mg. each 
of the whole bacteriophage or bacterial complex were dried to constant 
weight, as described above. The samples were transferred to 40 ml. 
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extraction tubes provided with ground glass connections and extracted 
with alcohol-ether, 3:1, for 2 hours under a reflux condenser. Details of 
the manner of the transfer of the alcohol-ether-insoluble material to a 


Table I 

Elementary and Fractional Analyses* of Tz Bacteriophage and Its Host, 
^ Escherichia coli (Strain B) 




Broth 

bacteriophage 

Synthetic 

medium 

bacteriophage 

Broth B. call 
(8 hr, culture) 

S:^n thetic 
medium E. coli 
(8 hr. culture) 



Whole 

Frac- 

Whole 

Frac- 

Whole 

Frac- 

Whole 

Frac- 



complex 

tion 

complex 

tion 

complex 

tion 

complex 

tion 

Whole com- 

Carbon 



42.3 


49.1 




plex 

Nitrogen 

13.5 


13.3 


13.2 





Phosphorus 

4,84 


5.22 


2.72 





Garbohydratet 

13.6 


11.7 


12.5 


11.6 


Alcohol- 

By difference 

6.3 


1.72 


7.98 


8.85 


ether- 

Carbon 

2.56 

40.6 

1.36 

79.0 


75.3 

5.72 

64.7 

soluble 

Nitrogen 

0.19 

3.0 

■«tj| 


0.16 


0.17 


fraction 

Garbohydratet 


3.7 

■iipk! 


mm 


0 



Non-lipide 

3.70 

5S.8 







Petroleum 

Total lipidet 

2.61 


1.77 


WM 


8.83 


ether- 

Carbon 


76.6 

1.36 

76.8 

5.07 

65.5 

5.89 

66.7 

soluble 

Nitrogen 

0 






0.16 


fraction 

Phosphorus 







0.39 


Alcohol- 

By weight 

93.7 


98.3 


HHtil 


91.2 


ether- 

Carbon 

39.6 

42.3 

41.4 

42.1 

42.0 

46.7 

43.0 

47.3 

insoluble 

Nitrogen 

13.3 

14.1 

13.3 

13.5 

13.1 

14.2 

13.0 

14.3 

fraction 

Phosphorus 

4.S6 

5.20 

5.20 

5.29 


2.61 

2.22 

'2.44 


DNA§ P 

3.99 

4.26 

4.41 

4.49 


0.57 

0.24 



RNA§ “ 

mm 

0.65 

0.12 

0.13 

1.81 

1.97 

1.97 

2.16 


Other “ 


0.27 


0.67 


lilm 

0.02 

0.02-i- 


Garbohydratet 

13.1 

14.0 

11.2 

11.3 

11.2 

12.2 

11.8 

13.0 


* Each of these values represents the percentage of dry weight of the whole com- 
plex or fraction. 

t The carbohydrate values are expressed as glucose. 

t The total lipide values of the bacteriophage = carbon values X 1-3; those of 
the bacterium = carbon values X 1.5. 

§ DNA designates desoxypentose nucleic acid ; RNA designates ribopentose 
nucleic acid. 

tared, sintered glass filter and the collection of the alcohol-ether fraction in a 
50 ml. volumetric flask have been described (16). The alcohol-ether-in- 
soluble fractions were dried to constant weight. Each of the respective 
values in percentage by weight shown in Table I is the average of two 
independent weights (of the two samples), which in all cases showed an 
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agreement of 1 per cent or better. The percentage of alcohol-ether-soluble 
material was foxmd by difference. AJcohol-ether-soluble carbon and nitro- 
gen were determined (13) in 2.0 and 5.0 ml. aliquots and carbohydrate was 
determined (15) in 10.0 ml. aliquots after evaporation to dryness. Aliquots 
of 5.0 ml. were examined (13) for total cholesterol. 

To obtain the total lipide values, a 25 ml. aliquot was withdrawn from 
each of the duplicate alcohol-ether fractions. The two aliquots were 
combined in a beater and evaporated to dryness at 58°. The residue was 


Table II 

Component Constitution* of Tt BacteriophoQe and Its Host, Escherichia coU 

(Strain B) 



Ii;ude j 

j Xoa-UpTcIe 

Total 

Pho&- 

iip^ce 

Choles* 

ttrol 

Xeutral 

fat 





DN'A 

RKA 

Broth bacteriophage.. 

2 . 61 § 

0 

0 

2.61 

97.4 

50.6 

13.6 

40.3 

6.6 

Synthetic medium 










bacteriophage 

1.77§ 

0 

0 

lira 

98.2 

52.4 

11.7 

44.6 

1.3 

Broth E. coli 

7.7511 

7.75 

0 

TM 

92.3 

67.9 

12.5 

5.3 

19.1 

Synthetic medium E. 










coli j 

9.1111 

9.11 

0 

0 

90.9 

67.7 

11.6 

2.4 

20.9 


• Each of these values represents percentage of dry « eight of the whole complex. 

t Expressed in terms of glucose. 

t DJiA = desoxypentose nucleic acid; RX.A. = ribopentose nucleic acid. To ob- 
tain the nucleic acid values, the DXA phosphorus values of the alcohol-ether-in- 
soluble fraction were multiplied by 10.1; the RX.A. phosphorus values were multi- 
plied by 10.6. 

I The total lipide values for the bacteriophage were calculated by multiplying the 
carbon values given in Table I by the factor 1.3. 

II The total lipide values of the bacterium were calculated as phosphatide from 
the phosphorus content of the petroleum ether-soluble fractions given in Table I. 

extracted with five 5 ml. portions of redistilled petroleum ether which had 
been washed with concentrated HcSO«. The petroleum ether e.xtracts were 
filtered into a 25 ml. volumetric flask. Carbon, nitrogen, and phosphorus 
were determined (13) in 2.0 and 5.0 ml. aliquots. Total lipide values 
(Table I) for the bacteriophage preparations were calculated from the 
carbon values of the petroleum ether-soluble fraction, with the factor 1.3 
(the factor for neutral fat). The analogous total lipide values for the 
bacterium were obtained by multiplying the carbon value by 1.5 (the factor 
for phospholipide). 

Alcohol-Ether-Jnsoluble Fraction — Samples of the non-lipide fraction 
were dried to constant weight for the determination of carbon, nitrogen. 
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and carbohydrate, as described for the samples of whole complex. For the 
determination of the total alcohol-ether-insoluble phosphorus and frac- 
tionation into DNA phosphorus (desoxypentose nucleic acid phosphorus), 
RNA phosphorus (ribopentose nucleic acid phosphorus), and inorganic 
or protein phosphorus (designated as “other” phosphorus in Table I), a 
modified micro technique based upon the method of Schmidt and Thann- 
hauser (17) was employed. The alcohol-ether-insoluble fractions of the 
bactei'iophage and the bacterium were analogous to Sclunidt and Thann- 
liauser’s extracted tissue powder. Samples of the bacteriophage fractions 
weighing 15 to 18 mg. (constant dry weight) and of bacteria wcighmg 25 
to 30 mg. were placed in 20.0 ml. volumetric flasks with 15 ml. of 5 per cent 
KOH solution. The flask, closed with a glass stopper, was incubated at 
37° for 15 to 18 hours. The material was completely dissolved at the end 
of this period. The flask and contents were cooled to room temperature, 
and the volume was made up to 20 ml. A 2 ml. aliquot of this solution was 
taken for the total phosphorus determination by the method of IQrk (14). 
A 15 ml. aliquot was transferred to a tube graduated at 20 ml. and the 
desoxypentose nucleic acid precipitated by the addition of 3.0 ml. of 6 N 
HCl and 2.0 ml. of 20 per cent trichloroacetic acid. The mixture, chilled 
in an ice bath and stirred frequently during a 15 minute period of standing, 
3 aelded a well flocculated precipitate. The latter was removed by filtra- 
tion (Whatman paper No. 50, with very gentle suction) and the total acid- 
soluble organic and inorganic phosphorus determined in a 5.0 ml. aliquot 
of the filtrate. The inorganic or other phosphorus was precipitated accord- 
ing to Delory (18) from a 10.0 ml. aliquot of the filtrate. The respective 
phosphorus values (Table I) and the nucleic acid values shown in Table II 
were calculated as described by Schmidt and Thannhauser (17). 

In view of the low content of ribopentose nucleic acid of the synthetic 
medium bacteriophage, as sho\\Ti in Table II, the phosphorus fractionation 
of this material was repeated with another 20 mg. sample. The results 
were 5.10 per cent total alcohol-ether-insoluble phosphorus, 4.40 per cent 
DNA phosphorus, 0.13 per cent RNA phosphorus, and 0.54 per cent other 
phosphorus, values corroborating those of Table I. As a further control 
experiment, a mixture containing kno^^•n amounts of DNA, RNA, and 
casein was analyzed in the manner described for the bacteriophage prepa- 
rations. The mixture contained 1.02, 0.26, and 0.09 mg. of DNA, RNA, 
and casein phosphorus, respectively; the amounts found on analysis were 
0.98 mg. of DNA, 0.25 mg. of RNA, and 0.1 mg. of casein phosphorus. 

Determinations of the nucleic acid content of the bacterium and the 
bacteriophage from broth were made also by means of the perchloric acid- 
tryptophane method of Cohen (11). The value, 19.1 per cent, obtained 
for the bacterium was identical with the amoimt of ribopeiiiose nucleic acid 
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detenniiied by the method of Schmidt and Thannhauser. In the instance 
of the bacteriophage, the value was 42.0 per cent, which was slightly higher 
than the amount of desoxyperUose nucleic acid foimd by the other method. 

The determined or calculated component constitutions of the bacterio- 
phage isolated from the two media and of the corresponding preparations 
of bacteria are given in Table II. The total lipide values for the phage 
preparations were calculated from the carbon values of the petroleum ether- 
soluble fractions, while the total lipide values for the bacterial prepa- 
rations were calculated from the petroleum ether-soluble phosphorus values. 
Total non-lipide is expressed as the difference between the whole complex 
and the total lipide value. The protein value represents the total non- 


T.ieix III 


Apparent Partial Specific Volume of Ti Bacteriophage of Escherichia coli {Strain B) 


Broth Bictenophsge 33 ^ 

Broth Bacteriophage 

Synthetic Bacteriophage 39 

Ultra- 

centn- 

fUJll 

c>de* 

CoQcen- 
tra.uoa I 
of phage 

Apparent 
i partial 

1 sptciac 

1 volume 

1 Ultra- 
centri> 
fugol 
cycle* 

1 Concen* 

; tration 

1 of phage 

1 Apparent 

! p^tial 

jpecifc 
[ volczte 

Ultra- j 
ceatri- i 
fugol ! 
cycle* 1 

Coaesa- 
traUon 
of phage 

Apparent 

partial 

speciSc 

volome 


I Wig ptr irj 

1 

1 

■ per ml. 

1 

mm 

ox* ^ 


1 

7.94 

0.6542 

1 

1 7.33 

1 0.6SSS 


5.0S 

0.6693 

1 

7.94 

0 65ol 

1 

! 7.33 

t 0.65S9 


5.0S 

0.66S7 

1 

7.9t 

0.653S 



t 


5.03 

0.6709 

2 

7.47 

0.6542 

2 

1 6.63 

0.65S4 




2 

7.47 

0.6539 

2 

6.63 

0.6544 




2 

7.47 

0.6533 

o 

1 " ! 

i 6.63 

1 

0.6553 1 

1 

■ 

I : 

1 



* The number of times the material was sedimented in the vacuum type ultra- 
centrifuge; each preparation had been sedimented one additional time (the initial 
preliminary concentration) in the Sharpies centrifuge. 


lipide value minus the total nucleic acids. The carbohydrate values are 
those of the respective whole complexes. 

Apparent Partial Specific Volume of Tj Bacteriophage — ^For the estima- 
tion of partial specific volumes, concentrates containing 5.0 to 8.0 mg. of 
bacteriophage per ml. of suspension in a solution composed of 0.9 per cent 
"NaCl and 0.1 per cent KCl (3) were analyzed by the method described in 
detail for the influenza viruses (19). The partial specific volume was 
calculated by means of the equation given by Kraemer (20). The values 
obtained for the apparent partial specific volume of two individual batches 
of Tj bacteriophage from broth lysates are shown in Table III. .■yter the 
first ultracentrifugal cycle, replicate determinations were made; the mate- 
rials were then diluted to 120 ml., angle centrifuged, and again ultracen- 
trifuged. The replicate determinations on the material after the second 
ultracentrifugation were virtually identical nith those obtained after the 
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first ultracentrifugation. Partial specific volume determinations on the 
synthetic medium bacteriophage were made on material ultracentrifuged 
only once, owing to the instability of the agent. The replicate values 
obtained with a representative batch of bacteriophage from synthetic 
medium are shoum in Table III. The reciprocal of the average apparent 
partial specific volume of the broth bacteriophage indicates an approximate 
dry density of 1. 52, which is in accord with the chemical composition of the 
material. 


DISCUSSION 

The ultracentrifugal and electron micrographic evidence of the physical 
homogeneity of the bacteriophage concentrates selected for -the present 
study has already been described (1-3). An index of the chemical homo- 
geneity is seen in the constancy of the values of apparent partial specific 
volume. Table III, which indicates a chemical and physical entity of 
uniform composition. These results with the bacteriophage were similar 
in this respect to those uith the influenza viruses (19), which are entities 
of constant composition having a limiting partial specific volume charac- 
teristic for each strain. 

The apparent partial specific volume of the bacteriophage was in accord 
with its chemical composition, and the level of the values for the broth 
bacteriophage did not change on' repeated ultracentrifugation. Though 
instability (1) attending repeated ultracentrifugation precluded a like study 
on the agent from synthetic medium, this material nevertheless gave values 
after a single ultracentrifugation closely similar to those observed for the 
broth bacteriophage. 

The results of the chemical examinations given in Tables 1 nd II show 
that the To bacteriophage consists of protein, a small proportion of lipide, 
and a very high content of nucleic acid. The nucleic acid. Table II, con- 
sisted of both desoxypentose and ribopentose types, the former in a con- 
siderably larger amount than the latter. Significant differences between 
the bacteriophage derived from broth medium lysates and that from syn- 
thetic medium lysates were evident in the distribution of the two types of 
nucleic acid (Table II), as determined in the alcohol-ether-insoluble frac- 
tion (Table I) by the phosphorus fractionation method of Schmidt and 
Thannhauser (17). Attempts to dissociate the nucleic acid and protein 
directly in the Avhole complex suspended in NaCl solution by the method 
of Hammersten (21) were unsuccessful ; the bacteriophage complex remained 
intact. Though the total amount of nucleic acid of the broth phage, 
determined on the basis of phosphorus, was essentially the same as that of 
the synthetic medium phage, the content of the ribopentose type of the 
former was five times as great as that of the latter. Another significant 
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difference. Tables I and II, between the broth bacteriophage and that 
from synthetic medium was in the content of lipide. 

Extraction of the broth bacteriophage with alcohol-ether resulted in 
solution of 6.3 per cent (Table I) of the weight of the complex. Of this 
amount, slightly less than half, 2.61 per cent of the whole complex, was 
soluble in petroleum ether in subsequent e.vtraction. The nature of the 
major portion of the non-lipide material soluble m alcohol-ether, 3.7 per 
cent of the whole comple.v, was not established; a small proportion, 3.7 
per cent of the alcohol-ether-soluble fraction, reacted with orcinol-sulfuric 
acid. In the instance of the synthetic medium phage, the material ex- 
tracted from the complex by alcohol-ether was essentially' all Kpide, com- 
pletely soluble in petroleum ether. 

The total lipide content of the bacteriophage. Table I, was considerably 
lower than the 10.4 per cent of extractable lipide reported for a Bacillus 
coli phage studied by Pollard (7) and McIntosh and Selbie (8, 22). The 
methods used for extraction were not described in detail. Schlesinger (4) 
recorded the finding of ether-extractable lipide in a Bacillus coli phage but 
gave no values. This author also stated that after acid hydrolysis con- 
siderably larger quantities of ether-soluble material, in excess of that 
directly soluble in ether, were obtained. In the course of the present 
work, samples of the alcohol-ether-insoluble fractions of the bacteriophage 
were e.xamined for firmly bound lipide by ree.xtracting uith alcohol-ether, 
1:1, acidified nith hydrochloric acid (0.1 x total acid concentration). 
The acid alcohol-ether extracts contained no petroleum ether-soluble lipide 
but did contain 10 to 12 per cent (of the dry weight of the whole com- 
plex) of nitrogenous bases, apparently' split off from the nucleic acids. 
Mo phosphorus was extracted by the acid alcohol-ether. 

In the lipide or petroleum ether fraction of the bacteriophage, there was 
no nitrogen or phosphorus and, therefore, no phospholipide. Cholesterol 
was, likexrise, absent, and the lipide was calculated as neutral fat. As seen 
in Table II, the amount of lipide in the broth bacteriophage was signif- 
icantly greater, 35 per cent, than that in the phage from synthetic medium. 

The alcohol-ether-insoluble fractions. Table I, contained the protein 
and nucleic acids. The weight percentages agreed well with the total 
lipide found in the petroleum ether-soluble fraction of the synthetic medium 
phage, but not in the case of the broth bacteriophage, as noted above. The 
principal differences between the broth and the synthetic medium phage are 
seen in the total alcohol-ether-insoluble phosphorus values and the distribu- 
tion of this phosphorus into DMA, RNA, and “other” phosphorus. Phos- 
phorus other than that in nucleic acid, presumably' inorganic or associated 
with protem, was present in both broth and synthetic medium phage, 
considerably more in the latter than in the former. It might be considered 
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that this represents inorganic phosphorus carried over in the purification 
process from the synthetic medium. This is questionable, since the bac- 
teria grown in synthetic medium contain the least amount of other phos- 
phorus, 0.02 per cent, as shown in Table I. There may exist, however, 
differences in the adsorptive properties of the two materials (bacteriophage 
and bacterium) for phosphate. The carbohydrate content of the alcohol- 
ether-insoluble fraction of the bacteriophage was similar to that of the 
whole complex. Table I, confii-ming the absence of appreciable amounts 
of carbohydrate in the alcohol-ether-soluble material. 

It is of interest to note that the total carbohydrate content of the bac- 
teriophage is approximately one-half that to be expected if all of the carbo- 
hydrate present in the whole complex is associated with the nucleic acids. 
With orcinol and sulfuric acid, the pyi'imidine nucleotides and nucleosides 
are hydrolyzed incompletely (23). It would thus appear that no carbo- 
hydrate is present in the bacteriophage other than that associated with the 
nucleic acids. 

The findings obtained with the bacterium, given also in Tables I and II, 
show that the Escherichia coli organism, too, is a complex of protein, nucleic 
acid, and lipide. The nitrogen content of the whole bacterial complex was 
about the same as that of the phage, but the carbon content was consider- 
ably greater, related probably to the higher lipide content. Tables I and 
II. The carbohydrate content of the bacterium was approximately the 
same as that of the phage, but, as noted below, probably differed mth 
respect to constitutional relations within the bacterium. 

The material of the bacterium soluble in alcohol-ether was soluble like- 
wise in petroleum ether, as shown by the close agreement of the findings. 
Table I, with these two fractions. In contrast with that of the bacterio- 
phage, the lipide of the bacterium contained nitrogen and phosphorus. 
The atomic ratio of the elements was 1:1, indicating a lecithin type of 
phospholipide. Neither neutral fat, found in the phage, nor cholesterol 
was present. In view of the difference between the bacteriophage and the 
bacterium, it would be difficult to consider either the neutral fat or the 
phospholipide as a contaminant carried over in the process of purification. 
The total lipide content of the bacterium was considerably greater than 
the lipide content of the phage, and slightly more was seen in the bacterium 
grown in broth than that in synthetic medium. The total bacterial lipide 
observed here was much higher than the 1.6 per cent of extractable lipide 
found by Pollard (7). Leach (24), Dawson (25), and others have shown 
that the age, conditions of growth, and especially the composition of the 
culture medium markedly influence the composition of Escherichia coli. 

The nucleic acid of the bacterium, approximately half the amount found 
in the bacteriophage, also consisted of both desoxypentose and ribopentose 
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types, as shoflu by phosphorus fractionation of the alcohol-ether-insoluble 
fraction. In the bacterium, however, the ribopentose type was predom- 
inant. Schaffer, Folkoff, and Bayne-Jones (26) isolated a nucleic acid 
preparation from Bacilhis coli which contained appro-vimately the amount 
of phosphorus required for a ribopientose nucleic acid. Guanine was 
found by these authors, but the pentose reaction was reported to be nega- 
tive. As in the case of the bacteriophage, the ratio of the two types of 
nucleic acid varied in relation to the medium used, but in contrast with the 
S3mthetic medium phage, the desoxypentose nucleic acid was less in amount 
in the synthetic medium bacterium. The carbohydrate of the alcohol- 
ether-insoluble material agreed closely with the values for the whole com- 
plex. In contrast with the phage, the amount of carbohydrate of the 
bacterium, 12 per cent, was greater than could have been bound in the 
nucleic acid present. Since complete recovery of all of the carbohydrate 
of the nucleic acid was unlikely (23), and judging from the proportion of 
carbohydrate to nucleic acid found in the bacteriophage, it appears prob- 
able that the bacterium contains significant amounts of carbohydrate not 
associated nith nucleic acid. 

In so far as comparisons can be made, the constitution of the T- bac- 
teriophage of EscherieJna coli appears similar, qualitatively, to the agents 
studied by’ Schlesinger (4), Pollard (7), and Alclntosh and Selbie (S). 
Certain quantitative differences were crident, but it should be borne in 
mind that the agents studied by these authors may not have been identical 
ndth the strain, T-, examined here. It can scarcely be assumed that all 
bacteriophages of Escherichia coli will have the same constitution and, 
consequently, a detailed comparison of quantitative differences would not 
be significant. Cohen,’ however, in a study of the T. bacteriophage, has 
found a smaller amount of phosphorus, 3.8 per cent, than the amounts, 
4.84 and 5.22 per cent, found here. The differences may well be related 
to the type of medium, sodium lactate (Friedlein), used by Anderson (27), 
who furnished the material analyzed by' Cohen,’ and the broth and the 
sodium lactate-free NH4CI media employed in the present work. Cohen’ 
found only deso.vypentose nucleic acid nith the perchloric acid-trypto- 
phane method (11), in an amount which was in agreement ufth the 3.8 
per cent of phosphorus. Wth this method (11), it was not possible in the 
present work to demonstrate quantitatively- small amounts of one type of 
nucleic acid in the presence of relatively large quantities of the other type. 
The results found in the present studies are almost entirely at variance \s'ith 
those on the T. phage obtained by Ivalmanson and Bronfenbrenner (9). 
These authors found only 0.07 per cent of phosphorus in T- bacteriophage 

* Cohen, S. S., personal communication. 
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isolated from sodium lactate medium by means of ultrafiltration, and the 
nitrogen values were too variable for judgment of their significance. The 
elementary analyses of the Tj bacteriophage reported here were similar to 
the results obtained by Northrop (6) with a staphylococcus bacteriophage, 
with the exception of the carbohydrate value of 1.5 per cent. 

The To bacteriophage exhibits a morphological and constitutional com- 
plexity resembling that of the animal viruses more closely than that of the 
corresponding agents of plant diseases, except in the high total content of 
nucleic acid, which is comparable to the amount found in tobacco ring spot 
vu'us (28). The presence of both desoxypentose and ribopentose nucleic 
acids also constitutes a difference from the animal vhuses previously 
studied; in the vaccinia (29) and rabbit papiUoma (30) viruses, only desoxy- 
pentose nucleic acid has been demonstrated, and in the agent of equine 
encephalomyelitis (31)^ only the ribopentose type. ICnight (32) has 
reported the presence of the ribopentose tjqie in the influenza virus, though 
only the desoxypentose t 3 'pe has been found in work (16) in this laboratory. 
Ribopentose nucleic acid is the type found in plant vii-uses. The absence 
of phospholipide and cholesterol constitutes a unique difference between the 
lipide constitution of the bacteriophage and that of the animal viruses. 
While the bacteriophage contains only neutral fat, in all other cases in which 
lipide has been found associated as an integral part of a virus complex, 
phospholipide, cholesterol, and neutral fat have all been present (16, 29, 
31, 32),'* usually in definite proportions characteristic of the 'virus or its 
strain. 

The qualitative constitutional similai’ities of the bacteriophage and the 
host organism, Escherichia coli, are clearly shown in Tables I and II. An 
outstandmg difference was observed in the kind of lipide associated with the 
two materials. The atomic ratio, 1:1, of lipide nitrogen and phosphorus 
in the bacterium is that of a phospholipide of the lecithin type which, 
incidentally, resembles lecithins similar to those found in vaccinia (29) 
idrus and a normal component (33) of chick embryo tissue. This phos- 
pholipide differs from the analogous constituent of the influenza (16) and 
the equine encephalomyelitis (31)'* vu’uses. Quantitatively, wide differ- 
ences are eiddent between the structure of the bacteriophage and that of its 
host. Especiallj’^ notable are the total lipide contents, the distribution of 
the two types of nucleic acid, and the proportional contents of carbohydrate. 

A remarkable character of the bacteriophage was the definite variation 
in size as seen in electron micrographs (1, 2) and chemical constitution as 
described above in relation to the mediimi in which the host organism was 
cultured. These findings and others, preidously discussed (1), indicate 
that the bacteriophage behaves as an autonomous entity, responding like a 

* Taylor, A. R. Sharp, D. G., Beard, D., and Beard, J. \V., unpublished work. 
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living organism to a changing environment. The bacteriophage increases 
only in the presence of the host bacterium and to do so apparently enters 
(34) the host cell. It appears likely that the influence of medium on the 
composition of the bacteriophage is indirect and dependent on a primary 
effect of the medium on the bacterium, an effect disclosed in the variation 
seen in the composition of the bacterial host in relation to the medium. 
A lack of parallelism between the variation of the bacteriophage and that 
of the bacterium was seen in the opposite changes in the proportions of the 
two types of nucleic acid and in the amounts of lipide. It is evident that 
the processes involved in the formation of the phage and responsible for 
its specific constitution are to an extent independent, not only of the qual- 
itative aspects of bacterial metabolism and constitution in a given medirun, 
but also of quantitative changes within the bacterium in relation to medium. 

suiulary 

Analyses were made of the chemical constituents of the T. bacteriophage 
of Escherichia coli (strain B) obtained from lysates of the host in broth and 
synthetic medium and of the host bacterium cultured in like media. The 
bacteriophage consists of protein, lipide, and nucleic acid. The lipide 
fraction exhibited the behavior of neutral fat, and neither cholesterol nor 
phospholipide was present. There were present both desoxypentose and 
ribopentose nucleic acids, of which the former was greatly predominant. 
The amount of carbohydrate found was approximately half the theoretical 
amoimt boimd in the nucleic acids and was considered to be wholly asso- 
ciated with the nucleic acids. 

The bacterium likewise consisted of protein, lipide, and nucleic acid. 
In contrast with the bacteriophage, the lipide contained nitrogen and phos- 
phorus. The atomic ratio of these elements indicated a phospholipide of 
lecithin t 3 q)e. Neutral fat and cholesterol were absent. The nucleic acid 
consisted, as in the bacteriophage, of the deso.xypentose and ribopentose 
types, but, unlike the ratio of these constituents in the virus, the quantity 
of the ribopentose tyi)e greatly exceeded that of the desoxypentose type. 
The amount of carbohydrate found was greater than the quantity theo- 
retically associated with the nucleic acids. 

The apparent partial specific volume of the bacteriophage from broth 
lysates was 0.655 and that from synthetic medium lysates was 0.669, values 
in accord with the chemical constitution. 

Variation was seen in the composition of the bacteriophage and in that 
of the host in relation to the type of mediuih in which the bacterium was 
cultured. The quantitative changes in certain of the constituents of the 
bacteriophage, for example the ratio of the two types of nucleic acid, did 
not parallel analogou.s changes in the bacterium. 
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THE EFFECT OF FORULJiLDEHYDE ON THE ACIDIC AND 
BASIC PROPERTIES OF WOOL 
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Previous papers have reported the effects of salt concentration (2) and 
temperature (10) on the extent of combination of wool with hydrochloric 
acid and sodium hydroxide. As with other proteins, the tendency of wool 
to combine with acids and bases is also greatly influenced by the presence of 
formaldehyde (3). An investigation of this influence is reported in the 
present paper.* Owing to the special methods which are available for 
studjdng the combination of wool with base (10), investigation of the 
equilibria involving wool, alkali, and formaldehyde may extend into the 
strongly alkaline range without complications caused by the gradual 
destructive effect of alkali on sulfur-containing proteins. 

The pH values of alkaline solutions of proteins or amino acids are con- 
siderably decreased by the addition of formaldehyde. Over a wide range 
of pH, the effect is such as to make it appear that the presence of formalde- 
hyde increases the acid dissociation constants of certain positively charged 
groups in the protein (principally RNHa"*" groups from lysine side chains 
in proteins, or the a-amino groups of amino acids). The dissociations of 
other groups (with the possible exception of guanidonium groups) appear 
to be very little affected. This selective action, which has been investigated 
in great detail (1-3, 15, 16, 21, 22), has been sho\\'n to depend on the 
combination of un-ionized amino groups in amino acids with the formalde- 
hyde. Applications of this reaction to the estimation of amino acids, the 
measurement of protein hydrolj-sis, and the estimation of the primary 
amino groups of various proteins (5, 11-14, IS) are well established. 

Procedure 

Measurements were made of the amounts of hydrochloric acid and potas- 
sium hydroxide combined by wool in the presence of two concentrations of 

• Present address. Operations Evaluation Group, Office of the Chief of Naval 
Operations, Navy Department, Washington, D. C. 

t Present address, Milton Harris Associates, 1246 Taylor Street NW., Washing, 
ton, D. C. 

* This paper is not concerned with the partially irreversible combination of for- 
maldehyde with proteins, which requires high concentrations of aldehyde and rela- 
tively long periods of time. This combination is important in the production of 
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formaldehyde (0.25 and 1.0 m), over the pH range 3.0 to 13.3. The 
measurements were made at 0°, primarily to minimize decomposition of the 
wool by alkali, but it is also convenient to work at low temperatures,^ 
because the dismutation of formaldehyde to methanol and formic acid at 
higher temperatures results in the rapid neutralization of base, and 
introduces large errors in the determinations of base bound by wool. 

Details of the purifieation of the wool, determination of the acid or base 
combined, and correction of the results for the effects of decomposition of 
the wool have been described elsewhere (19, 20). Although formaldehyde 
is a weak acid (pK greater than 13), there was no need to estimate and 
correct the base bound by formaldehyde, because the base bound by wool 
was always determined by comparing the base present at equilibrium in 
aliquots of two solutions identical except for the fact that one contained 
wool and one did not. 

Stock solutions of formaldehyde were freshly prepared by distilling 
paraformaldehyde into water; they were assayed by oxidation of the alde- 
hyde with hydrogen peroxide to formic acid, which was titrated (8). The 
experimental solutions, containing formaldehyde and base, were made up 
at 0° and never exposed to higher temperatures. With alkaline solutions, 
24 hours sufficed for the attainment of equilibrium; with acid solutions, 
48 hours. 


RESULTS AND DISCUSSION 
Effect of Formaldehyde on Titration Curve of Wool 

Titration curves of wool, obtained at a constant ionic strength’ (0.2 
molal KCl) in the presence and absence of formaldehyde, are shown in 
Fig. 1. At the lowest pH values shown, the curves tend to come together, 
but, in more weakly acid solutions, formaldehyde slightly reduces the 
amounts of acid bound by wool. At higher pH values, the curves become 
widely separated. Those obtained with formaldehyde present are displaced 
from the control curve (no formaldehyde) in the direction of more acid pH 
values. The displacement reaches a maximum of about 1.9 units, when 

protein plastics and artificial protein fibers (G, 9) and possibly plays a part in the 
protection of protein fibers from damage caused by alkali (4) . 

^ Over half of the base added to the 1.0 m formaldehyde solutions at 25° is neu- 
tralized by formic acid within 24 hours. At 0°, less than 1 per cent of the base is 
affected in the same time. 

’ The ionic strength was kept constant within narrow limits by the addition of an 
appropriate amount of potassium chloride to each solution, calculated on the basis 
of preliminary experiments which permitted estimation of the equilibrium concentra- 
tion of the base. In this calculation the ionization of formaldehyde was disregarded, 
since measurements with the glass electrode showed that it made almost negligible 
contributions to the ionic strength at 0° even at pH 13. 
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the amounts of base bound are between 0.15 and 0.20 mii per gm. of wooL 
The small displacement found in acid solutions depends noticeably on the 
formaldehyde concentration, whereas, in the alkaline range, almost a 
ma.\imum effect appears to be produced by the lower of the two concen- 
trations used. These effects on the titration curve differ from those pre- 
viously reported for soluble proteins only in that they are somewhat sm^er 



Fto, 1. The effect of formaldehyde on the dependence on pH of the combination 
of wool with hydrochloric acid and potassium hydro.tide at a constant ionic strength 
(0.2). A separate curve baa been draa-n for the measurements obtained at the lower 
concentration of formaldehyde, only for the combination with acid. Mesaurementa 
in the extremely unbuffered range near neutrality are not represented, and the curves 
are not defined in this region. 

(consistent with the smaller Ij-sine content of wool), and show a lower 
degree of dependence on the concentration of aldehyde. 

Only certain of the dissociating groups in proteins are affected by fonn- 
aldebj'de. TMien the effect of the fonnaJdehyde is very large, so that 
the alkaline branch of the titration curve obtained iu its presence is dis- 
placed by 3 or more pH umts from the control curve, a very simple 
analysis of the effect may be made (12). This simpUcity results from the 
fact that practically the entire range of titration of a single set of dis- 
sociating groups (having a given dissociation constant) occurs within a 
range of 3 pH units. If only one such set of groups is affected by formal- 
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dehyde, then, in the pH range of the displacement, the base bound by 
these groups in the presence of formaldehyde will be maximum throughout 
the entire range of the displacement, and the titration of these groups will 
make no contribution to the slope of the titration curve in this range of pH. 

In such a simple case, and in the same range of pH, merely subtracting 
the ordinates of the control curve from the corresponding ordinates of the 



Fig. 2. The increment in base bound by wool brought about by the presence of 1 
M formaldehyde. 

curve^ obtained with formaldehyde present will give the characteristic 
titration curve tn formaldehyde of the set of dissociating groups which re- 
act with formaldehyde (12). The base bound by other groups not affected 
by formaldehyde will have been eliminated by the subtraction. Actually 
two curves will be obtained, an ascending S-shape curve just described, 
f ollowed by a plateau, and then a descending S-shaped curve, which is the 
inverted titration curve of the same set of groups in the absence of formal- 
dehyde. The presence of the plateau is the criterion which detennines 
whether this simple case is actually realized. When no distinct plateau is 
found, the curve of the groups affected by formaldehyde has been displaced 
less than 3 to 4 pH units, and the maximum difference in ordinates ob- 
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tained is less than the total base-binding capacity of the set of groups mtb 
■which we are now concerned. 

An application of this reasoning to the data of Fig. 1 is shown in the upper 
section of Fig. 2. No distinct plateau is found. If the affected groups are 
identified with the e-amino groups of lysine, the indicated Ij'sine content of 
wool is greater than 2.2 per cent. The value determined by the amino 
nitrogen method of Rutherford, Harris, and Smith (17) is 3.3 per cent 



Fio. 3. The effect of formaldehyde on the dependence on pH of the combination 
of wool with hydrochloric acid and potaaaium hydroxide, in the absence of added sal t . 


The titration constant indicated by the pH coordinates of the ascending 
branch of the cuiwe of differences (Fig. 2) is roughly Since the 

displacement caused by formaldehyde (Fig. 1) is less than 2 pH units, 
the negative logarithm (pK) of the titration constant of these groups 
jn the absence of formaldehyde is less than 11.7. The value indicated by the 
work of Keknick and Carman on egg albumin (12) is about 11.^ 

The fact that the descending branch of the curve is not fully symmetrical 
•with respect to the ascending branch is discussed below. 

Data obtained in the absence of salt are shown in Fig. 3. Here the 

• At pH 9.7, base bound by wool in the presence of formaldehyde is about 033 nut 
per gm. Of this amount, the <-amino groups of lysine contribute about 0.12 mir, and 
histidine accounts for about 0.05 mir. The balance, OJOO mir, presumably represents 
acidic groups in tyrosine side chains. Since the total t>'rosine content is about 0.32 
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Tnn.\-imiim separation of the curves along the pH axis is somewhat larger 
than in Fig. 1 (2.35 units instead of 1.90), and differences in the effects of 
the two concentrations of formaldehyde are much clearer than when salt is 
present. l\Tien the difference curves for these data are plotted as in Fig. 2 
(lower section), the lack of symmetiy previously noted becomes clearer, 
and its cause apparent. Instead of one set of groups affected by formalde- 
hyde, two are indicated. One of these (pH values below 11) is apparently 
the same as that indicated in the e.xperiment with salt, and probably cor- 
responds to the £-amino groups of lysine. The other occurs in a more 
alkaline range, suggestive of the guanidino groups of arginine. The failure 
of the latter to manifest themselves strongly in the data obtained with 
salt present appears to indicate that the combination of formaldehyde 
with these groups is inhibited by salt. The reason for this inhibition re- 
mains obscure. Failure to observe a pH effect of formaldehyde in the 
arginine groups in other proteins is probably due to the absence of data 
for these proteins in strongly alkaline solutions. An effect of formaldehyde 
on the guanidino group of arginine itself is now well known (7, 9). 

The amounts of lysine and arginine indicated in the graph have signifi- 
cance only as minimum values. The differences attributed to arginine are 
somewhat more arbitrary than those attributed to lysine, because they are 
particularly susceptible to experimental error in the region of the steep 
portions of the curves in Fig. 2. However, if the analytical values for the 
contents of lysine, arginine, and tyrosine (20) are accepted, it is clear that 
the maximum base-binding capacity of wool should be considerably greater 
than the highest values reported in this or any previous study. 

SUMMARY 

1 . The amounts of hydrochloric acid and potassium hydroxide combined 
by wool, in solutions of two concentrations of formaldehyde, have been 
determined and compared with earlier determinations in the absence of 
formaldehyde. The effect of the presence of formaldehyde has been de- 
termined both in the absence and presence of salt. 

2. The effects of formaldehyde on the dissociation curve of wool have 
been shown to be consistent, for the most part, wdth existing ideas as to 
the combination of this substance with the amino groups of lysine. There 
are indications that the guanidino groups of arginine also combine with 
formaldehyde, at least when salt is not present. 

3. Because of the strong basicity of the guanidino groups, in neither 
the present study nor any earlier one has the maximum base-binding capa- 
city of wool been measured. 


mM per gm., the pK of the pheaolic groups in wool lies near 10.5. This is only slightly 
higher tlian the value in the free amino acid. 
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GASOMETRIC AND PHOTOMETRIC MEASUREMENT OF 
ARGINASE ACTIVITY 

Br DONALD D. VAN SLYKE and REGINALD JM. ARCHIBALD* 

{Prom the Hospital of The Rociefeller Institute far Medical Research, New York) 

(Received for publication, May 29, 1946) 

Hunter and Dauphinee (1) outlined a titrimetric method by which argi- 
nase activity could be measured. This method utilized a principle em- 
ployed by Edlbacher and Rothler (2) and involved a 30 minute reaction 
of arginase on a dilute solution of arginine (varying between 0.0238 and 

0. 0149 m) buffered with phosphate at pH 8.4, subsequent incubation ivith 
urease to hydrolyze the urea formed by the action of arginase, aeration of 
the resulting ammonia into acid, according to the technique of Van Slyke 
and Cullen (3), and titration of the residual acid. This method was later 
improved by Hunter and Downs (4) by use of a buffer mbcture which was 
more efficient at pH 8.4, and employment of a constant, initial concentra- 
tion of substrate (0.02225 ii). 

The present report outlines two procedures by which arginase activity 
can be measured. In both, the urea formed is determined as a measure 
of the arginine hydrolyzed. In the first, a gasometric procedure. Method 

1, the whole determination is conducted in the Van Slyke-Neill blood gas 
apparatus (5). Auginase acts on arginine for 10 minutes at pH 9.5 (near 
the optimum for arginase). The pH then is adjusted to 6.8 and urease is 
added to hydrolyze urea. The COi liberated from urea is then measured 
as previously described by Van Slyke (6). The gasometric method is con- 
venient when frequent, single arginase determinations are desired, as when 
one is following the effects of procedures on the purification or activity of 
the enzyme. 

In the photometric procedure. Method II, the action of arginase takes 
place in test-tubes and the resulting urea is measiued by .Archibald’s (7) 
procedure based on the color formed by the reaction of urea with a-nitro- 
sopropiophenone. The photometric method is particularly convem'cnt 
when numbers of simultaneous arginase determinations are done. Ob- 
viously the photometric method cannot be used to measure quantitatively 
the arginase content of preparations which contain urease. 

In both methods the concentration of substrate is such that the amount 
of urea formed is proportional to the amount of enzyme present. 

Van Slyke and Cullen (3) showed that the kinetic action of ure.ase at a 
given pH was described by Equation 1 

• Fellow of the Natioaal Research Council, Division of Medical Sciences. 
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( 1 ) 





where E represents the concentration of enzyme, t the time of reaction, 
a the initial concentration of substrate, and x the decrease in substrate 
concentration at time t. Ki is the velocity constant of the combination 
of enzyme and substrate, K 2 the velocity constant of the decomposition 



Fio. 1. EfTect of concentration of substrate in the reaction mixture on the rate of 
hydrolysis of arginine at pH 9.6 and 25®. A 1 cc. portion of a 1:50 dilution of dog 
liver extract activated with manganous ion was mixed with each of 0.6 cc. portions of 
arginine, which was 3 times the concentration indicated by the figures on the abscissa. 
The analyses were conducted gasometrically. 


of the combined substrate. We have found (8, 9)^ that the same formula 
applies in a general way to the kinetics of arginase. Enzymatic decom- 
position of arginine appears to involve two successive stages: (1) combina- 
tion of substrate and enzyme, and (2) decomposition of the combined 
substrate. The greater the concentration of arginine the shorter the inter- 
val required for formation of the complex. When the arginine concen- 
tration is sufiBciently high, the formation of enzyme-substrate complex 
occurs so rapidly that the time involved in this step is insignificant com- 

‘ A more detailed report (Van Slyke, Archibald, and Rieben) will bo submitted 
later. 
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pared with the time taken by the decomposition. Under these conditions, 
for a limited reaction time, a of Equation 1 is so large in proportion to x 
that a/ (a — x) does not rise much above unity; hence log a/ {a — x) does 
not rise much above zero, and the term 1/Xi log o/(o — x) may remain 



Volume of undiluted Wn''^activated. liven extract Ccrginase) 
in 1 volume of reacting mixture 

Fig. 2. Curve showing the proportionality between the amount of arginine hy- 
drolyzed and the amount of enzyme present. Arginine concentration in the reacting 
nurture = 285 mir per liter. Reactions were conducted as outlined in the gasometric 
procedure. 

msignificant compared with the term x/K-. The equation then simptifies 
to 



As shown in Figs. 1 and 2, the conditions that validate Equation 2 are 
met for practical purposes when the concentration of the arginine substrate 
(a) is 0.28 II and the pH is 9.5 the amounts of urea formed (x) in the short 
reaction period (t = 5 minutes) used are then directly proportional to the 
amount of arginase (E). The measurement of enzyme activity imder 
these conditions has the advantages of rapidity in operation and simplicity 
in calculation. 

The action of arginase on arginine is strongly inhibited by the presence 
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of ornithine (8-16), one of the products (17). However, if the concentra- 
tion of arginine is large compared with that of ornithine (as is the case in 
the following procedures when only a small fraction of the arginine is de- 
composed), the retardation resulting from formation of ornithine is in- 
significant. 

Selection of Arginase Unit 

Edlbacher and Rothler (2) define as a unit of arginase that amount which 
in 1 hour at 38° will decompose 10~® mole of arginine {i.e. will liberate urea 
equivalent to 0.34 mg. of ammonia) when the arginase is added to a mi.x- 
ture of 5 cc. of buffer of pH 9.5 containing glycine, sodium hydro.xide, 
sodium chloride, and 10 cc. of 1 per cent arginine carbonate. 

This definition has the following disadvantages. 

1. Because the volume of enzyme solution added is not specified, the 
concentration of substrate in the final mixture is not defined. 

2. Because a low concentration of substrate is employed, the decomposi- 
tion of substrate ■will not be proportional to the amount of enzyme present. 
Hence a calibration curve must be employed. 

3. The time of action of the enzyme is long; hence considerable inactiva- 
tion of arginase may take place during the determination. 

Hunter and Dauphinee selected (1) a larger unit which they defined as 
that amount of arginase which in ^ hour at 37° will liberate 0.6 mg. of 
urea N from 10 mg. of arginine N, at pH 8.4 (buffered with 0.5 si phos- 
phate and with an initial arginine concentration varying between 0.0149 
and 0.0238 m and in a volume varying from 7.5 to 12 cc.). This unit 
shares with that of Edlbacher and Rothler the first two and, to a smaller 
extent, also the third of the disadvantages above. Hunter and Downs 
(4) redefined the unit of Hunter and Dauphinee as one-tenth that amount 
of arginase which in 5 hour at 37° will liberate urea equivalent to 2.5 mg. 
of N. However, Hunter and Downs specify a total volume and initial 
substrate concentration of 8 cc. and 0.02225 m respectively, and state that 
the unit is identical in magnitude with that defined by Hunter and 
Dauphinee. 

Other units of arginase activity have been defined ((18) ; (19), see p. 510; 

( 20 - 22 )). 

There appears to be some advantage in being able to calculate the argi- 
nase activity directly from the amount of a product of the reaction without 
ha'ving to construct a calibration curve. For this reason we have de- 
liberately chosen a new unit of arginase acti'vity which we define as that 
amount which in 1 minute at 25° and pH 9.5 {by glass electrode) and with a 
substrate concentration of 0.285 m will decompose 1 micromole (10~* mole) 
of arginine (i.e., will liberate 1 micromole of urea (0.06 mg.) containing 
0.028 mg. of nitrogen). 
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Although hepatic arginase might be very slightly more active at pH 
9.7 than at pH 9.5, the activity falls off much more rapidly at values 
slightly higher than the optimum than at those slightly lower than opti- 
mum. Furthermore, most devices now available for measuring pH are 
less reliable at pH values higher than 9.5 than at lower ones. Therefore, 
pH 9.5 has been selected for activity measurements. This is believed to 
be as near to the maximum as is safe to recommend for a routine method. 

I. G.\SOi£ETRIC METHOD 

Apparatus 

Van Slyke-Ndll blood gas apparatus (5). The mercury should be free 
of traces of other metals such as copper, so as to minimize the amount of 
mercuiy which can pass into solution. 

Two bulbs of SO or 100 cc. capacity, each with a stop-cock at one end, as 
described by .Austin et al. (23, 24), for anaerobic handling of fluids over 
mercurj'. 

Two slop-cock burettes, 10 cc. 

One stop-cock pipette, 1 cc. 


Reagents 

Arginine solution, 0.85 jr, pH 9.5 (by glass electrode). To 9.00 gm. of 
arginine monohydrochloride add 1.6 cc. of 18 s NaOH (COrfree) and 
make up to 50 cc. with water. The solution is stored in a closed bulb over 
Hg to prevent a fall in pll due to absorption of COs- Before use, it is 
transferred to a stop-cock burette fitted with a soda h'me tube. 

1.3 .Y. 

1.6 m KNoHPOt, 21.S gm. of liHjPO, -f 10.5 cc. of 18.0 -v (COi-free) 
NaOH to 100 cc. with water. This solution is stored over Hg. Before 
use it is transferred to a stop-cock burette protected above with a tube of 
soda lime and fitted at its tip wth a rubber ring. 

Urease, 10 per cent solution of Squibb’s double strength urease in 50 per 
cent glycerol.= 

Caprylic alcohol. 

Brom-Oiymol blue, 0.4 per cent aqueous solution. 

5 If NaOH. 

• The presence of canavanine (25) and arginase in the preparations of jack bean 
urease will not interfere with the determination of urea, because the pH at which the 
urease is allowed to act is lower than that at which the canavanine (or arginine) ia 
hydrolyzed by arginase. Hence, the dialyzed urease (25) need not be employed. 
The preparation should contain at least 0.15 Sumner unit per mg. The activity of a 
given preparation can be determined readily in 15 minutes without special apparatus 
by the colorimetric method of Van Slyke and .Archibald (26). 



Procedure 


Dilution of Arginase Preparation — ^The dilution of enzyme should be 
such that its activity is approximately equal to that of a 1:25 dilution of 
neutralized fresh beef liver extract prepared according to the directions of 
Hunter and Dauphinee (1) ; i.e., it should contain about 2 to 6 arginase 
units per cc. If such an extract is activated wth manganese, dilutions 
Avill need to be 1 : 50 to 1 : 100. Arginase rapidly loses activity on dilution’ 
with water unless an excess of activating metal ion is present; therefore, 
if no activating metal has been added, dilution should take place imme- 
diately prior to the activity measurement (\vithin 2 minutes of the beginning 
of the arginase action).^ Dilutions should be made in 0.85 per cent saline 
to minimize the precipitation of proteins. Any protein which comes out 
of solution carries arginase activity with it. Consequently aliquot portions 
of a dilution possess measurably different activities unless the protein is 
evenly distributed among the aliquots. 

Reaction of Arginase and Arginine — 0.5 cc. of the arginine solution (pH 
9.5) is introduced into the chamber of the blood gas apparatus from a stop- 
cock bmette fitted at its lower end \vith a rubber ring. The cup of the 
chamber is then partly filled with mercury. With the aid of a stop-cock 
pipette ((27), p. 125, Fig. 3), also fitted at its lower end with a rubber ring,® 
1 cc. of the diluted solution of arginase is introduced slowly enough so 
that it ^vill form a layer over the arginine solution. The stop-cock of 
the chamber is sealed with mercury. The mercury in the chamber is 
lowered at once, raised, then lowered again to the 50 cc. mark. During the 
lowering the solutions of enzyme and its substrate become mixed and the 
action of the arginase starts. At the moment the lowering of the mercury 
begins a stop-watch is started. After 2.5 minutes the temperature in the 
water jacket is recorded and exactly 0.5 cc. of 1.2 N H 2 S 04 is measured into 
the chamber cup, followed by 1 drop each of brom-thymol blue and caprylic 
alcohol. After exactly 5 minutes enzyme action the cock above the reac- 
tion chamber is opened sufficiently to allow the acid (but no air) to enter 
the chamber and mix with the contents. This lowers the pH of the mix- 

* D. D. Van Slyke and R. M. Archibald, unpublished results to be presented later. 

* In some cases it is preferable to dilute the enzyme preparations only one-tenth 
as much, and to use one-tenth the volume of enzyme solution (delivered from a rub- 
ber-tipped capillary 0.1 cc. pipette) . This is especially true when one is dealing with 
(o) unactivated preparations of arginase which rapidly lose activity when highly 
diluted, or (6) dilutions prepared from glycine e.xtracts of liver which contain pro- 
teins not readily soluble in water or dilute saline. In this case, prior to the measure- 
ment of pi, 1.5 instead of 0.5 cc. of 1.3 n HiSO« are added. 

* Pipettes employed for measuring these diluted enzyme solutions must be cleaned 
frequently to avoid inclusion of air bubbles. 
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ture to 2.3 and thereby stops the enzyme reaction, irreversibly inactivates 
the enzyme, and sets free slight amoimts of CO3 unavoidably present in the 
reagents. 

Removal of Preformed COj from Reaction Mixture — After admission of 
the acid, the upper cock is sealed with mercury, and the evacuated chamber 
is shaken 2 minutes aith the mercury meniscus near the 50 cc. mark to 
extract CO* from the solution. Mercury is then admitted from the leveling 
bulb until it fills the lower quarter of the chamber. Then, without stopping 
the inflow of mercury, the upper cock is opened, admitting air into the 
chamber. The admission of merciuy into the chamber is continued imtil 
all the gases have been completely driven out through the upper cock, but 
is stopped before any of the solution enters the cup. The air is admitted 
in order to dilute the CO* gas in the chamber and prevent its reabsorption 
by the solution. If the upper cock were kept closed until the extracted 
CO* was compressed at the top of the chamber, some of the extracted CO* 
would go back into solution. The above procedure of e.xtraction and ejec- 
tion removes about 96 per cent of the CO; from the solution. It is repeated 
once, making the removal complete in so far as measmable amounts of 
CO* are concerned. 

Hydrolysis by Urease of Urea Formed by Arginase — .After expelling all 
but a small bubble of air, 0.5 cc. of KNaHPOi solution is introduced from 
a stop-cock burette. The stop-cock of the chamber is closed and sealed 
with mercury, and the contents of the chamber are mixed by once lowering 
and raising the mercmy in the chamber. The pH should be 0.8, as indi- 
cated by the slight green tinge of the indicator. The cup is washed with 
1.2 X H^O<, then with water, and 0.5 cc. of 10 per cent urease solution is 
introduced into the chamber and mixed with its contents by lowering and 
raising the mercury in the chamber. After 5 minutes 0.5 cc. of 1.2 x sul- 
furic acid is added, the mercury is lowered to the 50 cc. mark, and the CO* 
e.xtracted and measured according to the directions of Van Slyke and Neill 
((24), p. 277-278). pi is read with the gas at 2 cc. volume. The lower 
cock of the chamber is opened, and 0.3 cc. of 5 x NaOH is admitted from 
the cup to absorb the CO;. The aqueous meniscus is lowered below the 
2 cc. mark, and 1 minute draining time is allowed; the meniscus is then 
brought back to the 2 cc. mark and pressure p* is read (see the procedure 
for CO* in plasma (2i), p. 284-285). 

Uelermination of c Correction by Blank Analysis — A blank determination 
is run in which the arginase is added after the 0.5 cc. of 1,2 x H;SO» has 
been added and mi.xed. The 5 minute incubation period of arginase is 
omitted, but in all other regards the procedure is as outlined above. This 
blank corrects for the small amount of urea which may be present in the 
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preparation of arginase, as well as for CO 2 in the phosphate and urease, 
and any small degree of hydrolysis of arginine by jack bean arginase present 
in the preparation of urease employed. The pi — pj of the blank is the 
c correction. 

Each determination requires about 15 minutes. 

Between analyses the cup and chamber are rinsed out, first mth 1.2 n 
H jSOi and then with water. It is important to make sure that all lurease 
is removed from the chamber walls or inactivated before proceeding uith 
the ne.vt analysis. 

If enough CO 2 is formed to give a pressure reading above 350 mm., the 
ammonium carbonate resulting from hydrolysis of urea will have raised 
the pH sufficiently above 6.8 to permit some action of jack bean arginase 
on the large amount of unhydrolyzed arginine present during the period 
when only urease should be acting. Hence if Pcoi is greater than 250 mm., 
the procedure should be repeated with a more dilute arginase solution. 

Calmlation for Gasometrie Procedxire 

The CO 2 pressure, Pcoj. e.xerted at 2 cc. volume by the CO 2 liberated from 
urea formed from arginine and then hydrolyzed by urease is calculated as 

(3) Pcoi = Pi - pj - c 

where pi and p 2 are the manometer readings obtained in the analysis and 
c is the value of pi — p 2 obtained in the blank analysis. 

Units of arginase in 1 cc. of diluted arginase solution e.xpressed as “E 
{dilute)’’ are calculated by the equation 

(4) B (dilute) = PcOj X ^ 

where T is the incubation time in minutes and A is the factor in Column 2 
of Table I. The arginase concenti’ation, "E {original),” in the original 
undiluted arginase preparation is calculated as 

(5) E (original) = E (dilute) X V 

where V is the volume to which 1 volume of the original arginase prepara- 
tion was diluted. A is the product of B X C, the values for which appear 
in Columns 3 and 4 respectively of Table I. The factors under B in Column 
3 are those by which the values of Pcoj in mm. are multiplied to give micro- 
moles (moles X 10“®) of arginine decomposed (= micromoles of urea formed 
or of CO 2 measured). These factors are given by Van Slyke and Sendroy 
((28), Table X for S = 3.5 cc., a = 2.0 cc.). C (Column 4, Table I) cor- 
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recta for the effect of temperature oa the activity of the arginase during 
the incubation period. 


Table I 

Factor* 6y Which 3fm. of PcOt ■'tre Multiplied to Give MicrOTHola of Arginine 
Decomposed bg Sample at 35° 


S = 3.5 cc. a = 2.0 cc. 


Tempentare 

(1) 

SXC~A 

m 

3 

0) 

c 

( 4 ) 

V. 

10 

0.3165 

0.1266 

2.50 

11 

0.2918 

53 

32 

12 

712 

50 

17 

13 

523 

43 

03 

14 

373 j 

36 

1.92 

15 

237 

29 

82 

16 

102 

22 1 

72 

17 

0.1968 

15 

62 

18 

836 

08 

52 

19 

707 

02 

42 

20 

591 

0.1196 

33 

21 

487 

90 

25 

22 

384 

83 

17 

23 

295 

77 

10 

24 

228 

71 

05 

25 

165 

65 

1.00 

26 

102 

60 

0.95 

27 

033 

M 

90 

28 

0.0977 

49 

85 

29 

928 

43 

1 

81 

30 

876 

33 

77 

31 

827 

33 

73 

32 

778 

28 

69 

33 

741 

23 

66 

U 

710 

18 

635 

35 

678 

i 12 

610 

36 

647 

! 07 

585 

37 1 

622 

02 

565 

38 

593 

0.1093 

545 

39 i 

570 

93 

522 


It is to be noted that “E (dilule)" of Equations 3 and 4 is 1.5 times 
the enzyme concentration, E (Equations 1 and 2), in the reacting mixture 
of arginase and arginine. 
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II. PHOTO.METBIC METHOD 

A-pparatiis 

Dialysis units described by Hamilton and Archibald (29). 
Photometer. 


Reagents 

Arginine solution, pH 9.5, prepared and stored as indicated above for 
the gasometric method. 

Metaphosphoric acid, 15 per cent solution. 

a-Isonitrosopropiophenone,^ 3 per cent solution in 95 per cent ethyl 
alcohol. 

Sulfuric-phosphoric acid mixture, 90 cc. of concentrated sulfuric acid, c.p., 
and 270 cc. of syrupy phosphoric acid (reagent grade) are. poured into 600 
cc. of water in a P 3 Tex container. The volume is then adjusted to 1000 cc. 

Stock standard solution of urea (4 mM), 24.0 mg. of mea in 100 cc. of 
water. Store in the ice box. Prepare fresh monthly. 

Working starulard urea solution (0.4 msi). Dilute 1 volume of the stock 
urea solution to 10 volumes nith phosphoric-sulfuric acid mixture on the 
day the working standard is to be used. The working standard contains 
0.4 micromole of urea per cc. 

Procedure A for Photometric Method 

This procedure is used when the arginase solution to be tested contains 
so much protein that the latter would interfere with the photometric urea 
determination. In this procedure the urea formed is separated from the 
proteins by rapid dial 3 ^is, or by precipitation mth metaphosphoric acid. 
Procedure A is used, for e.xample, in estimating arginase activity of 
erythrocytes. 

Dilution of Arginase Preparation — Immediately before the activity 
measui-ement, the arginase solution to be tested is so diluted that the 
resultant solution contains 0.1 to 0.4 arginase unit per cc. (This activity 
is about that of a 300-fold dilution of Himter and Dauphinee’s beef liver 
extract, or of a 600-fold dilution of this extract activated with manganese.) 

Reaction of Arginine and Arginase — ^The solutions of arginine and diluted 
arginase are brought to measured room temperature. To 0.5 cc. portions 
of the arginine solution, adjusted to pH 9.5, in 5 cc. test-tubes are added 
1 cc. portions of freshly diluted preparation of each arginase solution to 
be tested.® The substrate is mLxed thoroughly with the enz 3 Tne imme- 
diately after the latter has been added. E.xactly 10 minutes after the 

•Obtained from Anachemia, Ltd., Montreal, Canada, and 70 East 45th Street, 
New York 17, New York. 
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arginine and arginase are mixed 1 cc. of sulfuric-phosplioric acid mixture 
is added and mixed. This stops the action of arginase. 

A control for the reagent blank is prepared by adding the acid to the 
arginine before, instead of after, the addition of the arginase. 

Separation of Generated Urea from Colloids of Digest, (a) Separation bp 
Dialysis — 2 cc. portion of each acidified digest and control is placed 
in the inner portion of a dialj’sis unit (29), a 15 cc. portion of the suh'uric- 
phosphoric acid mixture is placed in the outer compartment, and the um’t 
is assembled and dialysis is continued with rocking for 3 hours (the total 
volume of solution in dialj’sis is 17 cc.). The dialj-sate is “dialysate a.” 

(6) Alternative Removal of Colloids by Precipitation with Metaphosphoric 
Acid — ^In this case the action of the enzyme is stopped by the addition of 
1 cc. of 15 per cent metaphosphoric acid. After 15 minutes standing the 
mixture is centrifuged and the supernatant is decanted into a clean tube. 
To a 2 cc. portion of the supernatant add 15 cc. of the sulfuric-phosphoric 
acid solution; mix and filter to obtain “filtrate b.’’ 

Photometric Measurement of Urea — A 10 cc. portion of each dialysate a 
or filtrate b, including the controls, is pipetted into a 20 cc. test-tube. 

Standards are prepared by adding to 20 cc. test-tubes 1, 3, 5, 7, and 9 cc. 
of the working standard and 8, G, 4, 2, and 0 cc. respectively of the phos- 
phoric-sulfuric acid mixture. To each standard is then added a 1 cc. 
portion of acidic arginine solution prepared by diluting 1.15 cc. of the 0.85 ii 
arginine (pH 9.5) to 5 cc. Avith the phosphoric-sulfuric acid mixture.^ The 
standards contain 0.4, 1.2, 2.0, 2.8, and 3.6 micromoles of urea per 10 cc. 

To each tube containing an aliquot of dialj'sate, filtrate, or a standard, 
0.5 cc. of the 3 per cent solution of a-isonitrosopropiophenone is added. 
After the contents are mixed, the tubes are stopp;ered and heated 1 hour 
in a boiling water bath, in the manner outlined by Archibald (7) for the 
colorimetric determination of urea. The tubes are cooled in the dark, and 
thereafter protected from light. The optical density is read at a wave- 
length of 540 ma against the reagent blank set at zero. 

The 10 cc. aliquot of the control, treated as above, serves as reagent 
blank. 

Calculation for Photometric Method, Procedure A 

From the standards a curve is prepared of optical densities against micro- 
moles of urea present in 10 cc. of standard solution. From the observed 

’ Usually the dilute arginase solution adds nothing to the reagent blank. When 
this is the case, control solutions need not be prepared; the reagent blank is then 
prepared by measuring 9 cc. of the phosphoric-sulfuric acid into a 20 cc. test-tube 
and adding I cc. of the acidic arginine solution. .Arginine decreases appreciably 
the color developed in the reaction between urea and a-isonitrosopropiopbenone. 
Hence, appro.ximately the same amount of arginine is added to the blank and 
standards that is present in the 10 cc. aliquots of diali’sate a or of Sltrato 6. 
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optical density of the unknown, U, the number of micromoles of urea in 
the analyzed 10 cc. aliquot is read on the curve. The arginase concentra- 
tion, E, in units per cc. of the diluted arginase solution, is calculated from 
U as 

E (.dihile) = 0.212I7C 

For the original, undiluted arginase preparation the activity in units per 
cc. is calculated as 

E (.original) =• 0.212£/C7 

C (from Table I) and V have the same significance as in the calculation 
for the gasometric method 

2.5 17 1 

Factor0.212=-X-X- 


Of the constituent factors, 2.5/2.0 is the ratio of total acidified digest 
volume to the volume of aliquot used; 17/10 is the ratio of total fluid in the 
diab'zed or precipitated mixture to the aliquot used for urea measurement; 
1/10 is the ratio of the standard time unit (1 minute) to the time used for 
the digestion. 


Procedure B for Photometric Method 

When the concentration of protein in the diluted arginase solution is less 
than 0.2 mg. per cc. (as is the case when arginase preparations from dog or 
beef liver are tested), the protein need not be removed. In this case the 
enzyme reactions are conducted in 25 cc. test-tubes and are stopped by the 
addition of a 20 cc. portion of the phosphoric-sulfuric acid mixture to each 
1.5 cc. portion of digest. 10 cc. aliquots of the mixture are treated with 
color reagent as indicated above. 

The calculations are: 

E (diluted) = 0.215i7C' 

E (original) = 0.215UCV 

Factor 0.215 = X — 

10 10 

The 21.5/10 is the volume ratio of total acidified digest to the aliquot used 
for urea measm ement ; 1/10 and U, C, and V are the same as in Procedure A. 

Because of the very small amount of enzyme required for the activity 
measurement, and because the presence of small amounts of protein other 
than enzyme does not interfere, this photometric method is well adapted 
to the study of the distribution of arginase among the various separable 
fractions of cells. Obviously the procedure can be adapted readily to 
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measurement of smaller amounts of arginase by decreasing (5- to 20-fold) 
the volumes of all reagents and by increasing (2- to O-fold) the reaction 
period. However, if the reaction of a diluted arginase solution is prolonged 
for 30 or more minutes, appreciable inactivation may occur and somewhat 
diminish the estimated activity, unless nickel, cobaltous, or manganous ion 
is added. 


Discussion of Methods 

As can be seen from an inspection of Fig. 1, the concentration of arginine 
which enables activated liver arginase of dog to act at its ma-vimum velocity 
at pPI 9.5 is higher than the 0.285 M concentration used. However, when 
arginine in 0.285 ii concentration is employed as substrate, the fraction 
of arginine decomposed during the reaction is not great enough to depress 
signiScantly the rate of urea formation, which remains proportional to 
the amount of enzyme present. If the concentration of substrate were in- 
creased, say 4-fold, the amount of acid and alkali required to adjust the 
pH for the later parts of the procedure would be undesirably large. Fur- 
thermore, the cost of the arginine required for the determination would 
be increased.® 

At the substrate concentration employed, the pH optimum for hepatic 
arginase is between 9.5 and 9.9. Because arginine is itself an e.xcellent 
buffer at this pH, there is no need to add either phosphate or glycine to the 
mlvture in which arginase acts. 

In view of the variable effect of (a) the source (31) and of (6) the pH of 
activation’ on the pH optimum of ar^nase, one would not expect prepara- 
tions of arginase from several sources, or arginase from one source prepared 
by different methods, to give activities by Hunter’s method (which meas- 
ures activity at pH 8.4) that would be exactly proportional to activities 
indicated by our method (with measurement at pH 9.5). For e.xample, 
jack bean arginase, which, when activated nith manganese, has a pH opti- 
mum near 8.4 would, as compared nith liver arginase, give relatively 
higher results by Hunter’s method than by ours. Nevertheless, the con- 
venience and simplicity of the method outlined above have made it appear 
desirable to employ these conditions for activity meastuements and to re- 
define the unit in terms of these conditions. 

Because of the rapid loss of activity in dilute solutions of unactivated 
preparations,’ use of the short (5 to 10 minutes) incubation periods permits 
a more accurate estimation of the activity of unactivated preparations 
than can be obtained by using the much longer incubation periods (30 
to 60 minutes) previously employed by many workers. If, for e.xample, 

• A large portion of the arginine in the reaction mixtures can be recovered and 
purified with flavianate (30) and then used again for other activity determinations. 
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activity during the first 5 minutes of incubation were represented by 100, 
that in the second 5 minutes by 80, 64 for the third, 51 for the fourth, 41 for 
the fifth, and 33 for the sixth, the apparent activity for a 30 minute period 
would be only the average of these, viz. 61.5. 

Discussion of Gasometric Method 

Stock, Perkins, and Hellerman (31) have sho^vn that jack bean arginase, 
either alone or after addition of activating ions such as Mn++, Ni++, or Co++, 
has no activity at pH lower than 6.8. 

Hellerman and Stock (32) have shown that liver arginase, either alone 
or after treatment with Mn++ ion, has almost no activity at pH 6.0 and 
very little at pH 6.8. For urease, in contrast, the optimum pH lies near 
6.8, when urea concentration is 0.15 m (the optimum pH is higher when urea 
is more dilute (33)). Hence, urea (even in the presence of large amounts 
of arginase) can be determined at pH' 6.8 with jack bean urease without 
interference from jack bean arginase. Residual traces of liver arginase 
will not interfere appreciably unless Ni++ or Co"^ ions are present in 
amounts sufficient to activate the liver arginase (32). Richards ((32), 
p. 774) employed pH 6.0 for the determination of urea by urease in the 
presence of arginine. We have used pH 6.8, because the time required for 
m'ease to decompose the last traces of urea present (33) is much longer at 
pH 6.0 than at 6.8. Thus 5 minutes action of mease at pH 6.8 suffices, 
instead of the 2 hours at pH 6.0 employed by Hellerman and Stock. At 
pH higher than 6.8 there is danger of action of jack bean arginase. Even 
crystalline urease, unless repeatedly recrystallized, prepared from jack bean 
is reported to contain arginase (31). 

Kossel and Dakin (17) defined arginase as an enzyme which hydrolyzed 
arginine to urea and ornithine. Some authors (34) have measured arginine 
before and after action of their enzyme preparations and have assumed 
that the disappearance of arginine was a measure of arginase. However, 
enzymes other than arginase are capable of destroying arginine. For 
example. Hills (35) demonstrated that some Gram-positive cocci were 
capable of splitting arginine to ornitliine, CO2 and NH3, and that urease 
was not present in sufficient amounts to explain the production of the NHj 
and CO2. He named the responsible enzyme arginine dihydrolase. 
Niven et al. (36) appear to have worked with a similar system and reported 
that most Streptococci (Lancefield Group A to G whether hemolytic or not), 
except viridans, liberate NH3 and CO2 from arginine but do not attack 
mea or creatine. Arginine decarboxylase of Bacillus colt (37, 38) and 
B. cadaveris (39) in the presence of Streptococcus faecalis acting on arginine 
is reported to yield agmatine and CO2 (37). Horn (40) reports that 
"arginine desimidase” of B. pyocijaneus splits arginine to give a 4.9 per 
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cent yield of citruUine. Although some bacteria have been reported to 
contain arginase (34, 41, 42), proof of the presence of this enzyme must 
rest not alone on the ability of the enzyme preparation to remove arginine 
from solution nor on its ability to produce NHj or CO* from arginine, but 
rather on production of urea. When COj or NHj formed by action of 
urease is used to measure the urea, it is therefore desirable that the en- 
zymes of the arginase preparation be inactivated and any CO; or NH; 
formed be removed, before urease is added to determine the urea. 

No enzyme other than arginase is tnown to yield urea from arginine.’ 

In the gasometric method described above, any CO; liberated from 
arginine by enzymes other than arginase, during the initial incubation at 


Table H 

Comparison of Arginass Activilies of Dog Liter and Human Erythrocytes by Gasometric 
and Photometric Methods 


Sonree of afpca&e 

Metiiod 

Arrifioso, oolti per cc. clycerol extract 
aiter activatioa with oan^aaocs ioa 

Dog liver 

Gasometric 

340 


Photometric 




Procedure A, dialysis 

336 


“ “ pptn. 

345 


“ B, protein not 

350 


removed 



Human erythrocytes 


Koa'tctiTated 

Actiratod 



«■}{! f€f CC. cdU 

U9iis per cc. ttUt 


Photometric 



J. W. 

Procedure A, dialysis 

0.09 

9.1 


“ “ pptn. 

0.09 

9.3 

R. A. 

If <« ** 

0.18 

6.7 

D. R. 

(( « « 

0.03 

3.9 


pH 9.5, as well as the CO; inevitably present in the reagent solutions, is 
expelled prior to the estimation of the urea formed from arginine by action 
of arginase. Hence only arginase (and not arginine dihydrolase or arginine 
decarboxylase) is measured by this method. Likewise when the colori- 
metric method for urea is applied, the activity of arginase alone is measured. 

Neither the gasometric method, as described in the preceding pages, nor 

* Krebs and Eggleston (43) have reported that Coryr^baclerium ureafeder^ splits 
urea from arginine, citruUine, agmatine, creatine, creatinine, allaatoin, allantoic 
acid, hypoianthine, and uric acid. It haa not been demonstrated whether the en- 
zyme, which in this case splits arginine, is indeed arginase, or whether it is the same 
enzyme which forma urea from the other guanidine derivatives. 
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the photometric method is suited to the determination of arginase in prepa- 
rations which contain urease, since the urea formed would be partially- 
destroyed before it could be determined. 

The gasometric method can, however, be modified to measure arginase 
in the presence of urease, by omitting the extraction and e.\pulsion of COj 
just prior to the addition of the phosphate buffer. When this alternative 
is employed, the initial extraction of CO 2 is omitted also in the determina- 
tion of the blank. This modification results in higher blanks and has the 
disadvantage that results for arginase will appear too high if there are 
present enzymes, other than arginase, which liberate C 02 from arginine. 

Results 

Table II compares the values for the activity of a preparation of dog 
liver arginase activated with Mn++ ion obtained by the gasometric method, 
and by the photometric method both with and without dialysis or precipi- 
tation of protein. The liver arginase was activated fully by heating to 
58° for 20 minutes with 0.05 volume of a 20 per cent solution of MnCh* 
4 H 2 O (9). Values are given for the arginase in erythrocytes of several 
adult human males before and after activation with manganous ion. The 
activation of erjd;hrocytes took place in 2 hours at room temperature 
(23°). A 1:10 to 1:20 dilution of activated cells is used for the photo- 
metric determination of activity. 

SUMMARY 

Gasometric and photometric procedures are described for measurement 
of arginase actmty by the rate of urea formation. 

The gasometric procedure is carried out entirely in the Van Slyke-Neill 
manometric apparatus at room temperature. The arginase acts for 5 
minutes at pH 9.5; then the pH is dropped to 6.8, at which arginase does 
not act, and the urea formed is measured by the CO 2 set free by urease. 

In the photometric procedmre the reaction conditions for arginase are 
similar, but the mea generated is measured by the photometric method of 
Archibald (reaction with a-isonitrosopropiophenone). 

In both procedures the pH, arginine concentration, and reaction period 
are such that the rate of urea formation is directly proportional to arginase 
concentration. 
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The assay of animal tissues for the components of the malic dehydro- 
genase sj^tem can be carried out by applying the principles previously out- 
lined in other applications of the homogenate technique (1-4). A very 
high degree of cell disruption is accomplished by means of homogenization 
in hypotonic medium (2, 5). The homogenate is used at high dilution (1), 
and the desired phase of metabolism is studied by the addition of particular 
substrates and cofactors at concentrations n'hich make the chosen reaction 
limiting (1, 2). 

In the case of the malic dehydrogenase system, the problem is compli- 
cated by the fact that tiro factors hamper the operation of the system. 
The first is the accumulation of osalacetate. The equilibrium between 
malate and o.valacetate is strongly in favor of malate, so that, unless the 
osalacetate is removed, the oxidation of malate is rapidly inhibited. If 
the osalacetate were o-ddatively removed, the measurement of malate 
oxidation would include an unknown quantity of oxalacetate oxidation. 
Fortunately Banga and Szent-Gyorgyi discovered that the addition of 
glutamate to the reaction mixture “fi.xed”‘ the oxalacetate so that malate 
osidation could proceed ((8), see also (9)). The second complicating 
factor is the fact that the malate system requires DPN (diphosphopyridine 
nucleotide, coenajune I, cozjunase) and this compound is rapidly destroyed 
in homogenates (10). Here the problem was solved by Alann and Quastel 
(11), who found that nicotinamide, a constituent of DPN, markedly in- 
hibits the breakdoun of the coen^ane and thus facilitates the study of the 
DPN-linked dehydrogenases. Cytochrome c has to be restored to homo- 
genates to overcome the lowering of its concentration by simple dilution 
(2, 3). Similarly, DPN has to be added to homogenates in order to com- 
pensate for its dissociation from its specific proteins, although the nature 
of this dissociation may need to be reexamined in view of recent findings 
for other cofactors (12, 13). 

So far as we are aware, the malic dehydrogenase system has not been 

• This work was sided by the Jonathan Bowman Fund for Cancer Research. 

* As Cohen has pointed out (6), their finding constituted evidence for what was 
later recognized aa transamination (7). 
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previously studied with all of the above considerations in mind. Straub 
(9) did not make use of nicotinamide, while Mann and Quastel (11) did not 
employ glutamate or cytochrome c. In the present study, the optimum con- 
centration of all of the reactants was sought and the test system was based 
upon the use of homogenates in order that a technique for the assay of vari- 
ous normal and pathological tissues could be worked out. 

By adding malic dehydrogenase, the limiting factor becomes DPN- 
cytochrome c reductase- instead of malic dehydrogenase, and both enzymes 
can be conveniently assayed on one small sample of tissue.* 

EXPERIMENTAL 

All of the work reported in this paper was based upon the measurement 
of the rate of oxygen uptake by means of the conventional Warburg ap- 
paratus at 38°. Considerable work was carried out with flasks with side 
arms, so that the oxidation of malic acid could be initiated after equilibra- 
tion by adding the coenzyme (DPN) from the side arm. In this work, 
the reactants were at room temperature before being placed in the bath. 
More recently we have used flasks with no side arms, and have placed them 
in a pan of cracked ice just before adding the homogenate. The cold 
flasks are then transferred to the 38° bath and the measurements are begun 
after a 6 minute equilibration. When the rate of uptake is low, the first 
5 minute reading may be in error but subsequent readings represent the 
attained rate. It can be stated that either method gives valid results for 
this particular system, owing to the stability of the malic dehydrogenase, as 
will be brought out later. We prefer the flasks "ivith no side arms, and most 
of the data in this paper were obtained with the technique in w'hich ice is 
employed to control the reaction prior to the beginning of measurements. 

In the preceding publication (17) we adopted a nomenclature which 
recognized the differences between homogenates prepared in hypotonic and 
in isotonic media originally pointed out by Elliott and Libet (5). All of 
the present work was done with “ivater homogenates” so as to obtain maxi- 
mum disruption of cells, except in one series of experiments which demon- 
strates the basis for this procedure. 

Most of the w'ork was done on rat liver, and, in most cases, the animals 
were used at an age of between 2 and 4 months. Tissues from such animals 
appear to yield the highest values. 

Cytochrome c was prepared in the laboratory and standardized spectro- 

* This name is modified from the previous term employed (14) in keeping with the 
present tendency to use the terra DPN. 

’ The assay conditions were stated in a laboratory manual in 1346 (15) but no data 
were given. The conditions have been slightly modified since their application by 
Anderson al. (IG). 
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photometrically (15). The malic acid was obtained from the Pfanstiehl 
Chemical Company, while the glutamic acid and nicotinamide were Merck 
products.^ The chief problem in this work has been the supply of coenzryme 
(DPN), since each experiment requires so much of the material. Our 
early work was made possible by generous gifts of DPN from ^lerck, while 
more recently Dr. G. A. LePage of this laboratorj-, using a procedure based 
on that of Williamson and. Green (18), has kindly made adequate supplies 

Table I 

Optimum Conditions for Malic Dehydrogenase System 
The source of enzyme was rat liver; 0.2 ml. of a 5 per cent water homogenate was 
added to each flask. The data for each compound added were obtained from a sepa- 
rate experiment with a freshly prepared homogenate. Thus the variation between 
animals is the source of the variation in the plateau values obtained with the various 
compounds. Each compound was studied at varying concentrations with all other 
compounds held constant and at the optimum value. The concentration of each 
component selected for the assay technique is indicated by bold-faced type, and if 
two concentrations are thus indicated, the chosen concentration is between the 
values given. The Qo, was calculated on the basis of the best 10 minute period. 


MzUu 

GluUsute 

yicotiiumide 


DPKt 

Cytochroae c 

iloUricy 

«o. 

UoUnty 


^fotaxity 

V 

ilolirity 





(?o. 


8.8 

0 

17.2 


57.6 

0 



0 

0 

14.3 

0.0083 

69.4 


53.3 


do] 

0.010 


33 

28.6 

0.33 

36.1 

0.0167 

77.4 

0.0167 

60.8 


76.8 

0.020 

94.2 

■tTil 

62.4 

0.67 

47.9 

0.033 

82.8 

0.033 

71.6 

0.0134 

79.4 

0.027 

96.6 

333 

94.2 

1.33 

66,3 

0.068 

82.8 

0.068 

69.8 


79.0 

0.033 

Elil 


112.0 

2.66 

85.1 

0.083 

71.4 

0.033 

72.6 


79.6 

0.050 

84.4 

Ko!tl 

112.0 

4.00 

91.8 











5.33 

92.2 


• Qo, based on the second 10 minute period to accentuate the effect of protecting 
diphosphopyridine nucleotide (DPN) by addition of nicotinamide. 

t Preparation from Merck and Companj', Inc., about 40 per cent DPN. 


available. We are also indebted to Dr. F. Schlenk for a primarj' DPN 
standard. Recently the Schwarz Laboratories, Inc., has placed a 40 
per cent DPN product on the market, and we find it satisfactory. The 
non-metallic impurities in DPN preparations having 40 to 80 per cent DPN 
do not appear to interfere with the reaction system here employed, and it 
is merely necessary to determine the plateau level of the DPN available. 

* We are glad to acknowledge the cooperation of Merck and Company, Inc., in 
supplying us with certain compounds for this work. The supplies of DPN were 
especially helpful, and were obtained from Merck through the courtesy of Dr. D. F. 
Green. 
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If metals are present, the plateau level vill be depressed. Neutral solu- 
tions of 1 per cent DPN have been kept refrigerated for 1 week without ap- 
parent loss and all other solutions employed appear to keep indefinitely 
when refrigerated. However, those that vill support molds, etc., are 
made up in 50 cc. quantities and are not used after 2 weeks. 

Components of System — ^According to present information, the malic 
dehydrogenase system consists of malic dehydrogenase, DPN, DPN-cyto- 
chrome c reductase,* cytochrome c, and cytochrome oxidase. Although 
further dissection of the system may be anticipated (19), it is fairly safe to 
assume that there is no dissociation of components beyond those listed, 
when fresh homogenates are used, and the data of this paper support such 
an assumption. Earlier investigators had shown the importance of addi- 
tions of cytochrome c (9), DPN (20), glutamate (8), and nicotinamide (11), 
as well as the reasons for adding these substances. It remained to adapt 
these findings to the study of the reaction in tissue homogenates and to find 
the optimum concentration of each component. This has been done in a 
large series of experiments and the data are condensed in Table I. The 
system does not appear to need additional sources of inorganic phosphate, 
but an appreciable amount is used in order to increase the buffering capacity 
of the medium somewhat. The data clearly demonstrate the need for each 
of the other components, and the effect of each can be e,xplained on the 
basis of the accompanying diagram in which reactions A, B, C, and D are 


Fumarato 

• 4 I 


Malate 

I U) 


Oxalacetate 


DPN Hj Cytochrome Oj 

^ I -11 I 


(B) - 

(C) 






DPN Cytochrome c'*^ HiO 


(D) 


-f Glutamate 
\ 


Aspartate + a-ketoglutarate 


\ 

Breakdown inhibited by nicotinamide 


catalyzed by enzymes which are furnished by the homogenate, and are con- 
sidered to represent malic dehj'-drogenase, DPN-cytochrome c reductase, 
cytochrome oxidase, and transaminase respectively. Enzymes in the 
homogenate determine the rate of oxygen uptake when the components 
listed in Table I are all added in excess. Proof that this is true is given 
in Table II, in which the rate is shotvn to be proportional to the amount 
of homogenate added. If one of the enzj'mes is definitely the limiting 
component, the data in Table II show that the system is probably valid for 
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assaj’' vrork. Table III shows that fumarate is almost as good as malate, 
so that fumarase is probablj' present in amounts nearly as great or possibly 
greater than the other components. Hon ever, malic acid is the more de- 
sirable substrate. Previous assa}'s for c}'tochrome oxidase (2) show that 
tins enzyme is present in larger amounts than required here, and is probably 
not limiting. The rate falls off considerably e%'en in the present system, and 

Table II 

Rclalion of Oxygen Uptake to Tissue Concentration 
The source of enzyme was mouse liver; a 2.S per cent water homogenate waa pre- 
pared. The components of the assay system were added on the basis of the data in 
Table I, the sodium salts of all acidic compounds, adjusted to pH 7.4 to 7 6, being 
used. The actual amounts were as follows: 0.8 ml. of 0.1 ii phosphate, 0 3 ml. of 0.5 
M glutamate, 0.3 ml. of 0.5 u malate, 0.3ml. of 0.1 M nicotinamide, 0 3 ml. of 1 per cent 
solution of diphosphopyridine nucleotide (DPN) preparation (40 per cent DPM), 
0.3 ml. of 4 X 10~* u cytochrome c, plus 0.1 to 0 6 ml. of 2 5 per cent homogenate and 
Bater to make a final volume of 3.0 ml. The center cup contained 02 ml. of 2 s 
NaOH. Temperature, 37°. Flasks with no aide arms were used, chilled just before 
adding the homogenate and equilibrated 6 minutes at 37°. 


Fresh liver per flask, mg 

2.5 

HQ 

7.5 

10.0 

12.5 

15.0 

Oj per best 10 min., microliiers 

11.4* 


36.7 

48.8 

56.8 

65.6 

QOt 

91.2 


98.0 

97.6 

91.0 

87.5 


* The second 10 minute period was chosen; in all other cases the value for the first 
10 minutes was the best. 


Table III 


Comparison of Suistrates for Malic Dehydrogenase Assay 
Conditions as in Table II, except that 02 ml. of 5 per cent mouse liver homogenate 
was used in all flasks, and the source of malate was varied. 


SubUnte 

<?, 


0.2 loL 0.5 u substrata 

0-3 JsL 0.5 3C 

Malate (Sargent) 

62.6 

63.8 

l-Malate (Pfanstiehl) . 

96.2 

95.0 

Fumarate (Eimer and Amend).. 

8S.0 

89.6 


loss of DPN must be in part responsible. Application of tbetest system to 
brain yielded much lower results than for liver, and this might be attributed 
to the DPNase of brain (4, II), or it might be thought to be related to a 
deficiency of transaminase. One test of such possibilities is afforded by 
summation e.xperiments, such as shown in Table IV, in which the ability 
of each tissue to oxidize malic acid is measured separately and in combina- 
tion with the other tissue. The results are in close agreement, suggesting 
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that the same component is limiting for both tissues. Thus the assay of 
each tissue is probably valid. Since the data are based upon the first 
readings, before much DPN is lost or much oxalacetate has accumulated, 
it is considered \'irtually certain that the assay is a determination of- either 
malic dehydrogenase or DPN-cytochrome c reductase; that is, of A or 5 in 
the diagram. Evidence presented below indicates that B is in excess, 
so that the assay is probably a measure of malic dehydrogenase in most 
instances. 

Further Resolution of Com'ponents — ^In order to determine nith greater 
certainty the limiting component of the malic dehydrogenase system, it is 
necessary to study the effect of adding malic dehydrogenase to the system. 
If malic dehydrogenase is the limiting component, an increased rate will 
be observed. Pure malic dehydrogenase would be the proper reagent here, 
but it is convenient to use a muscle -extract of the type originally used for 

Table IV 

Summation of Malic Dehydrogenase Activity 
5 per cent water homogenates of rat brain and rat liver were prepared, and the 
malic dehydrogenase activity of each tissue was determined separately and in the 
presence of the other tissue, 0.2 ml. of each homogenate being used. The conditions 
were as in Table II. Two different rats were used. Data are expressed as the micro- 
liters of o.xygen taken up per 20 mg. of fresh tissue per 10 minutes. In rat liver this 
is also the ^Oj (15). 


1 

Liver activity | 

1 

Brain activity 

Calculated sum 

Observed sum 

122.4 

27.8 

150.2 

153.2 

92.8 

27.2 

120.0 

125.8 


glycolysis studies. Such a preparation was used by Green, Needham, and 
Dewan (20) using rabbit muscle, and was referred to as a mutase. Their 
preparation was shown to catalyze the reaction 

(1) Malate -f- DPN o.xalacetate -f- DPN H- 

but to be unable to catalyze the reactions which lead to oxygen uptake 
(20). When such a preparation was added to the system described in 
Table II, an increase of about 50 per cent in the rate of o.xygen uptake was 
observed. Thus it seems likely that in the system in Table II the limiting 
component was malic dehydrogenase, and that the system represents an 
assay for this enzyme. As might be expected, assay of pigeon breast 
muscle showed that the concentration of malic dehydrogenase was high 
and this has been used for large scale preparation of crude malic dehydro- 
genase as follows: Breast muscle from eleven pigeons was extracted with 4 
volumes of distilled water in a Waring blendor in the cold. The mince was 
allowed to stand 24 hours in the cold and was then filtered by gravity in 
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the cold room during the next 24 hours. The clear red filtrate was treated 
at —5° with 2 volumes of cold acetone and the precipitate was centrifuged 
down, placed in dialysis tubing, and dialyzed through four changes of dis- 
tilled water. The insoluble protein was filtered off and the clear solution 
was placed in a series of 13 X 100 mm. tubes, frozen, and stored in the 
frozen state at about —20°. The activity of the resulting preparation is 
shown in Table V. l^Tien the malic dehydrogenase is present in e.xcess, the 
limi ting reaction is almost certainly reaction B, catalyzed by DPN-cyto- 
chrome c reductase, since the attained rate is still well below the cytochrome 
oxidase rate. Thus it is possible to assay for both J. and B with little addi- 
tional effort. The data in Table V include assaj's on primary hepatomas, 
in comparison with normal liver. Aside from the fact that the hepatomas 


T,\bix V 

Assay for DPN-Cytochrome c Seductase 

Water homogenates of rat liver and hepatoma were tested at a level of 10 mg. of 
fresh liver or 20 mg. of hepatoma per flask, the conditions for the malic system ap- 
pro.vimately as described in Table 11 being used. In addition, varying amounta of 
crude malic dehydrogenase preparations were added in order to test the capacity of 
the homogenate to catalyze the reaction between reduced DPK (diphosphopyridine 
nucleotide) and o.xidized cytochrome c. The data are e.xpres5ed aa microUtera of 
oxygen taken up per 20 mg. of fresh tisaue per 10 minutes. 


1 

Mliie prcpintloa iddtd 

Livu j 

Hepitasu.* 

None 

1 

109.6 

9.7, 13.4 

Pigeon breast muscle extract, 0.1 ml... 

163.2 

12.8, 17.4 

tf t4 tt it 0 3 

173.0 


it tt it tt Q ^ $1 

1S0.8 



*Two different specimens. 


were very low in comparison with normal liver, the data are interesting 
technically, because the hepatomas exhibit such a narrow margin between 
the two enzymes that one may ask whether there is sufficient cytochrome 
reductase in the hepatoma to yield a valid malic dehydrogenase assay. 
However, summation experiments such as were done with brain in Table 
IV gave very' slight increases. It would be desirable to add pure crystalline 
malic dehydrogenase instead of the crude material, but this material has 
not as yet been obtained. The crude material which has been used thus 
far is incapable of independently catalyzing oxygen uptake in the reaction 
mixture and is virtually free of cytochrome reductase and cytochrome oxi- 
dase but probably contains transaminase. The presence of the latter is 
desirable. 

Properties of System — It is desirable to know something about the proper- 
ties of the system in order to know what precautions are needed to avoid 
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loss of activity and in order to coordinate the system mth other systems; 
e.g., coupled phosphorylation (21, 22). For the latter, we have used water 
homogenates, and the data herein show that water homogenates can be 
used for the present system. However, a comparison mth the isotonic 
homogenate is of interest and is given in Table VI, which includes the 
effect of DPN and cytochrome c on both types of homogenate. It is 
rather surprising to find that the isotonic homogenate is nearly as dependent 
upon added DPN and cytochrome c as the water homogenate, since in the 
case of the succinic system the isotonic homogenate was relatively inde- 


Tadle VI 


Malic Dehydrogenase Activity in Water Homogenates and in Isotonic Homogenates 
Contiguous portions of tissue from the livers of individual rats were homogenized 
in distilled water or in isotonic NaCl at a concentration of 5 per cent, and the malic 
dehydrogenase activity was measured by the test system described in Table II, 
except that saline was added to the flasks containing water homogenates in an 
amount equal to that contained in the isotonic homogenates. 


Variatloiis in leaction mixture 


PreparatioQ 

Complete system 

Cytochrome 

omitted 

Diphosnhopyridinc 
nueJeoUde omitted 

Water homogenate 

micrctitert Oi 

120.0 

93.0 

129.2 

124.0 

102.6 

109.2 

micrelitert Ot 

S.8 

13.2 

mkrolikrs Ot 

0 

9.2 

Isotonic homogenate 

Water homogenate, median lobe. . . 
** “ left lobe 

Isotonic homogenate, median lobe. 
“ “ left lobe 


pendent of added cytochrome (17). Table VI includes data comparing the 
results of assays on adjacent portions of liver by each technique, as a con- 
trol on the possible variation in samples. The agreement was excellentin 
each case. The water homogenate is considered to be the better technique 
for preparing tissue for assay (c/. (4)). 

In the previous work with coupled oxidation and phosphorylation the 
system was extremely unstable, and brief incubations at 38° in the absence 
of the reaction mixture resulted in inactivation (21). Unpublished data on 
the octanoate system (17) suggest even greater instability. In these sys- 
tems, speed and cold are necessary precautions in handling the homogenate. 
The malic system is in marked contrast, as shown in Table VII. No loss 
in malic dehydrogenase occurs in a 5 per cent water homogenate in 15 
minutes at 38° or in 24 hours at 0°. T^ may well be a result of the fact 
that in the malic system we know the identity of the coenzyme and replace 
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Tabij: VII 

Stability of Malic Dehydrogenase System in Diver Homogenates 
Water homogenates containing 5 per cent of fresh rat liver were tested for malic 
dehydrogenase activity in the test system described in Table II. Aliquots were 
incubated for various periods of time at 0“ and at 3S° and then tested under the stand- 
ard conditions. The incubation time and temperature refer to the treatment of the 
homogenate before its addition to the test system. 


Ezpexusenl Ko. 

l&cu'batioa tine ind 
tesJperature 

Cxude ooeymje 
zdded 

1 0:^sea upUke ia 

I test QTstea 

3-1* 

Control 

T 

0 

Co. 

0 


it 

3000 

95.8 


14 

1000 

81.0 


5 min., 38° 

1000 

72.4 


10 •' .38*^ 

1000 

75.6 


15 “ 33° 

1000 

77.0 


24 hra., 0° 

lOOO 

SS.2 

3-26t 

Control 

0 

0 


<4 

1000 

95.0 


it 

3000 

120.0 


« 


119.2 


24 hra., 0° 


116.2 


* Cozymase from Merck and Company, Inc. 

t Cozymase from Dr. LePage, prepared according to Williamson and Green (18). 


Table VIII 

Effect of Certain Inhibitors on Malic Dehydrogenase System 
Water homogenates containing 5 per cent of fresh rat liver were tested for malic 
dehydrogenase activity in the test system described in Table II. The inhibitors 
were added to the reaction mixture after all other reactants except the homogenate 
had been added. Each experiment was carried out with a liver from a different rat. 
The values represent Qo,. 


£xperisieat 

Xo. 

Control 

IsMbItor, cooceatntloa 

Flaonde, 

ie/75 

MalosAte, 

0J)1 V 

Dnitropbesol, 
OXCOl u 

Dialtropbesal, 
0J}t K 

3-27 

122.8 

125 

133.0 



3-29 

119.0 

123.0 


111.0 

102.0 

3-30 

90.8 


74.6 

90.8 

83.6 

4-1 

106.0 


107.8 




it in excess, while in the “labile” systems there may be as yet unidentified 
coenzymes.® The data show that no special precautions are necessary in 
the case of the malic system. 

‘ We were unable to reactivate octancate oxidation with DPX of proved activity 
in the malic system, in contrast to previous findings (23). 
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It was desirable to use fluoride in the phosphorylating system (21) and 
we wished to know whether this would inhibit the fully activated malic 
system. The data in Table VIII show that fluoride even in a high con- 
centration does not inhibit malate o.xidation. In studying the components 
of the Krebs cycle, it is desirable to add malonate to block the cycle at the 
succinate stage, if malonate does not interfere with the chosen reaction. 
We conclude from Table VIII that malonate does not inhibit malic dehy- 
drogenase in the complete system (but see (24)). Dinitrophenol was found 
to inhibit oxidative phosphorylation in unpublished e.xperiments, but com- 
parable levels had a negligible effect on malate oxidation, as shorra in 
Table VIII. 

Another question of considerable interest is the action of the system upon 
other substrates. O.xalacetate and a-ketoglutarate are formed in the 

Table IX 

Oxidation -of Lactate in Malic Dehydrogenase System 
Each tissue was studied at a level of 10 mg. of fresh tissue prepared as a 5 per cent 
water homogenate, with conditions as in Table II, e.xcept that when lactate was the 
substrate, no glutamate was added. The data are e.xpressed as microliters of o.xygen 
taken up per 20 mg. of fresh tissue in 10 minutes. 


Substrate 

Tissue studied 

Liver j 

Kidney 

Brain 

Hepatoma 

1 

Malate. 

119.0, 106.0,* 92.8, 90.8 
57.4, 51.8, 53.6, 35.0 

1 

89.6, SL6 

27.2, 27.8 
6.6 

— 

Lactate 

34.0 




* When glutamate w'as omitted, the value fell to 21.S (compare Table I), which is 
considerably lower than the corresponding value of 51.8 for lactate. 


reaction, although the amounts are very small in the first 10 or 15 minutes. 
However, the absence of Mg++ and adenosine triphosphate (ATP) from 
the reaction mixture makes any significant o.xidation of these substances 
very improbable. Moreover we have been unable to increase the oxygen 
uptake on malate by additions of ATP or various ion combinations to the 
present “complete” system. On the other hand, lactate is oxidized effec- 
tively in this system by liver or kidney homogenates, but not by brain 
or hepatoma homogenates (Table IX). This does not detract from the 
malate assay, but may offer an opportunity to study lactate oxidation or, 
by use of lactate plus malate, to study the requirements of the Krebs 
condensation. 

Assay Results — ^A number of assa3’s have been carried out on rat liver, 
and the results together with data from some other tissues are presented 
in Table X. It is clear that hepatoma is low in comparison with normal 
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liver, and preliminary data on a number of other tumors show that they fall 
in the same range. It is interesting to find liver more active than Mduej', 
since for a closely related enzyme, succinic dehydrogenase, the opposite 
vas true (2). It is probably incorrect to assume that the change repre- 
sented by the comparison of liver with hepatoma is characteristic of the 
cancer process, hoR ever, since for succinic dehydrogenase a similar change 
vas noted, Rhile the opposite change was noted in the case of skin (25). 
What is needed is the widest possible survey of normal and cancer tissues, 
and more important, the relation between the level of the respiratorj- 

Tabix X 

MaUc Dehydrogenase Assays 

The tisauea ivere prepared for study in the form of 5 per cent water homogenates, 
and were added at a level of 10 mg. of tissue per flask, with conditions as in Table II. 
The data are expressed as microliters of oxj gen taken up per 20 mg. of fresh tissue in 
10 minutes. 


Hisue 

Ko of 

1 samples 

1 

av erase axd raa^ e 

Eat U\ er 

i 18 

103.5 (73 2-125 4) 

“ hepatoma 


15 1 (9.7- 20.2) 

“ brain 


27.5 (27.2- 27 8) 

“ kidney 


81.4 (70.0- 89.6) 

Human kidney* 


19.3 (17.3- 20.7) 

Mouse liver 


100.6 (97.6-103.6) 

“ brain ... 


42.2 

Pigeon breast muscle . ... ... 

■■ 

107.0t 


* Biopsy specimens showing mild arteriosclerosis, total sample 150 mg., of which 
130 mg. nere used for another purpose. 

t A portion of this sample was stored as whole muscle for 2 weeks at and assaied 
a second time, giving the figure 103 8 for malic dehj drogenase. 

enzymes and the complementary enzjmes nhich deplete the energj" 
balance (22). 


DISCUSSION’ 

The measurements of malic dehydrogenase activity as outlined in this 
paper tend to yield a figure nhich is actually a measure of the concentration 
of the specific catalytic proteins involved. They' are essentially a measure 
of the potential activity of the enzyme being considered. With the total 
electron transport occurring through physiological carriers, and expressed 
as the Qoi, one has a figure nhich can be discussed in terms of the earlier 
measurements of Qo, on slices or for other enzymes in homogenates. 
Assay’s for cytochrome o.xidase showed (2) that this enzyme is present in 
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concentrations much higher than found here for cytochrome reductase or 
for malic dehydi-ogenase, while the data thus far indicate that cytochrome 
reductase is present in excess over malic dehydrogenase. Thus each assay 
depends upon the fact that the electron-transporting enzymes increase m 
concentration as the pathway approaches oxygen. The physiological sig- 
nificance for tins is probably that there is a certain amount of convergence 
of systems as oxygen is approached. In the case of cytochrome oxidase, 
the plateau level of cytochrome c was very high, and in the present case, 
the saturating amount of DPN was very high. In each case the observa- 
tion may be due to the fact that the added electron carrier has to shuttle 
between two reactants which are widely separated in space, one of which is 
particulate. So long as we are able to supply the missing diffusible com- 
ponents of the systems in sufficient quantity, we are able to compensate for 
the dilution of the cellular contents, and to permit the limiting enzyme to 
work at its maximum capacity. One must recognize the possibility, how- 
ever, that the concentration of the “excess” enzyme may not actually be in 
wdde enough excess to give the maximum values for the “limiting” reac- 
tion, although if enough of the mediating carrier is present, the permissible 
margin should be quite low. 

If it is true that the data constitute a reliable measure of the potential 
malic dehydrogenase and cytochrome reductase activity of the samples, one 
must consider the physiological significance of these data. When it is 
considered that the Qo, of liver slices is probably not outside the range of 6 
to 10, it is clear that under these conditions only a small fraction of the 
malic dehydrogenase (average Qq, 103) is being used in the respiring tissue 
slice. Without questioning the significance of the data on slices at this 
point, and recognizing the importance of “control factors” in metabolism, 
we nevertheless attach significance to the individual enz3nme assays on the 
theory that the total amount of any given enzyme in a tissue must be a 
mathematical function of the average actual use to which the enzyme is put 
in the given tissue. Such an interpretation implies that the concentration 
of a given enzyme in a tissue will be increased or decreased under certain 
conditions. Recent studies have demonstrated the alteration of enzyme 
concentration in yeasts, depending upon the presence of the specific sub- 
strate (26). That the concentration of certain respiratory enzymes may 
actually change in the course of training is suggested by Palladin (27) who 
has summarized data on this subject. Thus Chepinoga (28) reported that 
the succinic dehydrogenase of rabbit muscles was increased 50 to 100 per 
cent by training. Negative results in the case of studies on malic dehydro 
genase by the same author (29) must be discounted in view of the lack of 
adequate assay techniques at that time. Recently ^ve have shown marked 
increases in succinic dehydrogenase and cytochrome o.xidase in rat liver 
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and brain of new-bom rats (30) and Meyer, McShan, and Erway (31), 
using the same methods, found that the corpora lutea of rat ovaries fluctuate 
between an average succinate Qo, value of 18.5 during diestrus to 46.8 in 
pregnancy. These authors state “there is a direct correlation between the 
succinic dehydrogenase activity and the high and low levels of lutein tissue 
function.” These fluctuations in succinic dehydrogenase activity in 
highly specialized tissue with periodic function constitute strong support 
for the assumption that the measurements of -poienlial enzjine activity 
are physiologically significant. 

For a complete imderstanding of the significance of the concentration 
of a respiratory enzyme, however, its activity must be considered in rela- 
tion to the activity of the enzymes which make use of the energy of oxida- 
ion. This is particularly important in interpreting the findings in cancer 
tissue, and will be discussed in a separate paper when more cancer data 
are available. The present system can now be coordinated with the total 
sj'stem for the study of o.xidative phosphorylation (21, 22). 

SUinUBT 

1. The homogenate technique has been e.vtended to the assay for malic 
dehydrogenase and DPK'-cytochrome c reductase. 

2. The proposed technique is based upon the measurement of the rate 
of o.xygen uptake by use of the conventional Warburg apparatus and water 
homogenates of animal tissues at a level of 2 to 20 mg. of fresh tissue per 
flask. 

3. The complete chain of reactants includes malic acid, mafic dehydro- 
genase, dipbosphopyridine nucleotide (DPN, coenzyme 1), DPN-cytochrome 
c reductase, cytochrome c, cj'tochrome oxidase, and o.xygen. Purified 
preparations of DPN and cytochrome c are added in excess. 

4. Side reactions are controlled to some e.xtent by adding glutamic acid 
to decrease o.xalacetate accumulation and by adding nicotinamide to de- 
crease DPN breakdown. 

5. Muscle e.xtracts containing malic dehydrogenase but lacking cyto- 
chrome enzymes were added to the complete system to shift the assay 
from mafic dehydrogenase to cytochrome reductase. 

6. Some of the properties of the system were studied, and assays for 
fiver, hepatoma, and a few samples of other tissues were reported. 

This work was greatly' facilitated by gifts of DPN and other chemicals 
from Merck and Company, Inc., by a primary standard of DPN from Dr. 
F. Schlenk, and by large amounts of DPN prepared by Dr. G. A. LePage. 
We are also grateful to Dr. J. A. Miller and Dr. E. C. Miller for supplying 
the primary rat hepatomas, which were produced by feeding pniimethyi- 
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aminoazobenzene; and to Dr. T. C. Erickson for supplying the biopsy 
specimens of human kidney. 
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(From the Deparlment of Biochemistry, College of Agriculture, University of 
ITiJconjMi, Madison) 

(Received for publication, June 20, 1946) 

A survey of the literature shows that a number of different methods have 
been used for the estimation of tryptophane in foodstuffs. Greene and 
Black (1), Wooley and Sebrell (2), and Stokes d al. (3) have recently 
described microbiological methods for the determination of this amino 
acid. Difficulties are encountered in the microbiological method and in 
many other methods of assay because tr 3 -ptophane is subject to destruction 
during liberation from the sample. 

We uish to report in this paper studies on the reliability of different 
hydrolysis procedures. Lactobacillus arabinosus was used as the organism. 

EXPEKIUENTAL 

The basal medium was the same as that used by Schweigert et al. (4) 
for leucine and valine assaju, except that casein hydrolj’sate and cj’stine 
(50 mg. and 2 mg. respectively, per tube) were used in place of the purified 
amino acids. Pure 1(— )-tryptoph3ne was used for the standard curves 
at the following levels: 0, 2.5, 5, 7.5, 10, 12.5, 15, and 20 y per tube. The 
curves obtained are similar to those previously reported for tryptophane. 
The blank titration was 0.5 ml., while the 20 y level of tri-ptophane pro- 
duced acid equivalent to 14.0 ml. of 0.1 n' sodium hj'dro.xide after an in- 
cubation period of 2 days. Two samples of dl-tryptophane were found to 
possess one-half the activity of samples of Z(— )-tryptophane; these results 
confirm the finding of Wooley and Sebrell (2). A sample of d(-{-)-trypto- 
phane showed no activity in water solution. 

When samples were treated with acid or alkali, the following conditions 
were used. 1 to 5 mg. of tryptophane, 100 to 200 mg. of purified protein, 
or 1 gm. of meat sample was autoclaved at 15 pounds pressure with 25 ml. 
of 2 N' acid or 10 ml. of 1 or 5 x sodium hydro.xide. After the solutions 
were autoclaved they were cooled and diluted to 100 ml. 10 to 25 ml. 

* Published with the approval of the Director of the Wiscoada -Agricultural 
Experiment Station. Supported in part by a grant from the National live 
Stock and Meat Board. We are indebted to Dr. C. P. Berg, State University of 
lon-a, Iowa City, for a supply of d(-f-)-tryptophane. 
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aliquots were neutralized and diluted to 100 ml. and duplicate aliquots 
containing 1, 2, and 3 ml. were used for assay. To several of the samples, 
quantities of pure tryptophane were added before hydrolysis. The per- 
centage of the added tryptophane recovered (as estimated by comparison 
with samples without this addition) is recorded in Table I under the 
heading “Recovery.” 

No measurable destruction or racemization of pure i(— )-tryptophane 
or of d(+)-tryptophane occurred when they were autoclaved wth distilled 
water for 2 hours. 

Treatment of Z-tryptophane for 2 hours with 2 N acid resulted in a loss 
of about 25 per cent of its activity. Since similar losses occurred with the 
racemic form and d-tryptophane gave no activity after treatment with acid, 
most of the loss of activity must be due to destruction. This destruction 
is not a result of humin formation, since no carbohydrate was present. 
Values for tryptophane in casein after acid hydrol 3 'sis for 2 hours were 
reproducible but the results ivere extremely erratic in the case of meat 
samples. Consequently, the recoveries showed similar variability. The 
effect of the duration of acid hydrotysis on the apparent tryptophane con- 
tent of a sample of pork is recorded in Table I. The values increased at 
first and then decreased as the period of autoclaving was prolonged. Simi- 
lar results were obtained with lower concentrations of sulfuric acid and 
with hydrochloric acid on several other meat samples. 

Decreased activity of both I- and dZ-tryptophane likewise occurred 
after autoclaving with alkali. This loss of activity, w'hich is of the same 
order as that produced by acid, is partially due to racemization, since 
alkaline treatment of d-tryptophane produced racemization. When the 
duration of alkali treatment was increased to 20 hours there was no greater 
loss than was observed after 2 houm. 

The results obtained after casein was hydrolyzed for 1 hour with 5 N 
sodium hydroxide were relatively reproducible and largely independent of 
duration of treatment. Lower values were obtained when 1 N sodium 
hydroxide was used. The values for casein, obtained by alkaline hydroly- 
sis, are appro.ximately half those obtained by acid hydrolj'sis. This 
difference has been explained on the basis of racemization (1). 

The reproducibility of the tryptophane values obtained when meat 
samples were hydrolyzed with alkali was not as good as with casein but 
was considerably better than with acid treatment. Values did not decrease 
upon further digestion up to 8 houra. The tryptophane values for the 
alkaline hydrolysates of meat were about half those obtained with acid. 

Since treatment with either acid or alkali decreased the activity of pure 
tryptophane and since the values obtained with meat samples were erratic, 
enzymatic methods w'ere used for the liberation of tryptophane. Greene 
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and Black (1) obtained low values when samples were hydrolyzed for 24 
hours r\ath pancreatin. Wooley and Sebrell (2) used pepsin followed by 
trypsin and erepsin. Pancreatin was used in some of the present studies, 
while in others it was combined with preparations from hog or rat mucosa. 

Table I 


Effect of Acid and Alkali in Liberation of Tryptophane 


Sample 

H^'drolytlc agut 

Duntioo 

of 

&QtO> 

cUvioff 

Xo. of 
samples 

/"Tiyp to phase 

Recovery 

/(—1-Tryptophane 

H,0 

krs. 

2 

6 

per call 

95 -103 

Per ctni 

</(-M-Tryptophane 

tt 

2 

2 

0 


i(— )-Tryptophane 

2 N HCl 

2 

6 

62 -S2 


<1 

2 “ H,SO. 

2 

2 

76 


tt 

5 “ iVaOH 

2 

10 

62 -S4 


<( 

5 “ “ 

20 

3 

67 -70 


(//-Tryptophane 

2 “ HCl 

2 

3 

32 -33 


<1 

5 » NaOH 

2 

4 

31 -38 


<1 

5 “ « 

20 

2 

35 -43 


(K-H-Tryptophane 

2 “ HCl 

16 

2 

0 


tt 

5 ‘‘ NaOH 

15 

5 

12 -16 


Casein 

2 “ HCl 

0.5 

1 

0.54 


(( 


2 

4 

0.91-0.98 


tt 

I " NaOH 

3 

2 

0.37(Bothl 


tt 

5 ** “ 

1 

1 

0.54 


tt 

5 » “ 

2 

5 

0.41-0.45 


tt 

5 " 

5 

9 

0.45-0.53 

70 

tt 

5 " ” 

8 


0.50-0.51 

78 

tt 

5 “ ** 

20 


0.56 

67 


2 “ HCl 

2 

11 

0.09-0.16 

80-142 

“ 3 

2 “ HjSOi 

5 

2 

0.06 

88 

" 3 

9 <1 tt 

2 

2 

0.07 

102 

" 3 

O ** tt 

5 

2 

0.04 

76 

“ 3 

O (( ft 

10 

o 

O.Ol 

20 

“ 3 

5 " NaOH 

3 

3 

0.04-0.07 

98-126 

" 3 

5 “ " 

5 

1 

0.06 


Veal 1 

2 “ HCl 

5 

2 

0.09-0.13 


" 1 

5 “ NaOH 

5 

3 

0.06-0.09 

72- 98 

“ 1 

5 " “ 

8 

1 

0.06-0.07 

69 


The pancreatin was ^lerck, U. S. P. grade, the hog intestinal mucosa a 
commercial product furnished by Wilson and Company. Rat intestinal 
mucosa was fresh scrapings from the iimer smface of the small intestine 
of adult rats. The duration of treatment, the amounts of the enzj-mes 
added, and the effects of shaking were studied on several purified proteins 
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and meat samples. For each 1 gm. sample of animal tissue or 100 to 200 
mg. of purified protein the amount of enzyme indicated in Table II was 
used. The samples were placed in 100 ml. volumetric flasks, diluted with 
water to approximately 50 ml., and the pH adjusted initially to 8.2 with 
0.1 N sodium hydro.xide. The samples were then covered with toluene 
and placed in an incubator at 37“ for varying periods of time. After the 
samples were hydrolyzed they were cooled to room temperature, diluted 
to 100 ml., and 10 to 25 ml. aliquots were taken. They were neutralized, 
diluted to 100 ml,, and duplicate aliquots of 1, 2, and 3 ml. were used for 
assay. Corrections were made for the tryptophane added by the enzymes. 

The activity of i-tryptophane is not impaired when it is incubated for 
periods up to 5 days with pancreatin alone or when combined with mucosal 
preparation. With casein in the amount mentioned above it w'as found 
that when 2 days of incubation were used the tryptophane activity increased 
mth increasing amounts of pancreatin up to 25 mg. When the pancreatin 
level was 25 mg. the am'ount of tryptophane liberated was increased during 
periods of incubation from 1 to 5 days. Further incubation was without 
effect; the tryptophane values remained the same after 8 days as they 
were after 5 days of incubation. The addition of hog mucosa to the di- 
gestion mixture did not increase the tryptophane values above those pro- 
duced by pancreatin alone. However, shaking of the digestion mixture 
with the two enzyme preparations present produced “maximal” liberation 
in 1 day. 

Fibrin and wheat gluten appear to be completely hydrolyzed by pan- 
creatin alone in 1 day. How'ever, this was not true with lactalbumin, since 
definite increase in tryptophane liberation from this protein was noted 
•after the addition of hog mucosa and shaking. 

Digestion of samples of pork with pancreatin alone, even for periods as 
long as 5 days, gave wide variations in the amount of tryptophane liberated. 
Such variation is also reflected in the irregular recoveries. The addition 
of hog or rat mucosa even in high amount and for prolonged periods of time 
did not eliminate this variability. Without shaking, the amount of trypto- 
phane liberated increased up to 5 days, but even with 5 da}^ incubation 
the results were scarcely better in the runs containing mucosa than in the 
experiments employing pancreatin alone. If the samples M’ere shaken 
continuously, the liberation achieved in 1 day was as great as that in 5 
days without shaking, and the vaa-iability between samples was practically 
eliminated. 

Continuous shaking of digests containing only pancreatin did not con- 
stitute an enthely satisfactory procedure, as can be seen from the figures 
for Pork 1. In these e.xperiments, even with continuous shaking, the 
tryptophane was not completely liberated in 1 day, values on the 4th and 



Table II 


Enzymatic Liberation of Tryptophane under Various Conditions 


Sample 

Method of treatment 


Time 

So. of 
samples 

f'Tryplophane 

Recovery 

Pan- 

creatln 

Hog 

mucosa 

Rat 

mucosa 



wr- 

Kit. 




fer uzl 

/er caii 

Casein 

i 



— 



1.00 


it 

8 



— 



1.09-1.16 


it 

25 



— 



1.17-1.19 


it 

25 






1.22 


it 

25 





2 

1.21-1.26 

98 

tt 

25 





4 

1.22-1.30 


« 

25 




S 

2 

1.26-1.30 


(( 

SO 

25 


+ 


3 

1.27-1.33 

1 

Fibrin 

SO 



— 


2 

3.18-3.24 


tt 

so 

25 


+ 


3 

3.07-3.36 


tt 

SO 

25 


+ 


3 

3.09-3.29 


Wheat gluten 

SO 



- 


2 

0.73-0.75 


<1 (C 

so 

25 


+ 


2 

0.74-0.79 


If If 

50 

25 


+ 


2 

0.76-0.78 


Lactalbumin 

100 



i — 


2 

2.13-2.33 


(C 

50 

25 


+ 

1 

0 

2.62-2.73 







hrs. 




Pork 1 

SO 

1 


+ 

7 

4 

0.12-0.14 

97-109 






days 




“ 1 

SO 



+ 

1 

2 

0.15-0.16 

96-103 

“ 1 

50 



+ 

4 

2 

0.19 

99-101 

“ 1 

so 



+ 

6 

2 

0.20 

102-110 






krs. 




1 

SO 

25 


+ 

7 

4 

0.16-0.18 

106-119 




j 


dayx 




“ 1 

so 

25 

1 

+ 

1 

3 

0.19-0.21 

05-108 

“ 1 

so 

25 


+ 

4 

4 

0.20 

98-109 

“ 1 

SO 

25 


— 

5 

6 

0.14-0.19 


tt O 

so 

25 


+ 

1 

4 

0.15-0.16 


II O 

so 

25 


+ 

2 

4 

0.15-0.17 


“ 3 

25 



— 

5 

12 

0.10-0.20 

46-160 

“ 3 

25 


125 

_ 

1 

3 

0.10-0.16 

78-130 

“ 3 

25 


125 

— 

2 

3 

0.12-0.15 

102-118 

•• 3 

25 


125 

— 

3 

4 

0.14-0.17 

134 

" 3 

25 


125 

_ 

5 

5 

0.14-0.19 


“ 3 

25 


125 

— 

S 

1 

0.17 


" 3 

25 

so 


— 

1 

1 

0.16 


" 3 

25 

so 


— 

2 

1 

0.16 


3 

25 

so 




3 

2 

0.14-0.16 


“ 3 

25 

50 


, , 

5 

5 

0.10-0.19 


•• 3 

so 

25 


+ 

1 

4 

0.17-0.13 



* Samples digested in a shaker are designated by +, while samples which did not 
receive continuous shaking are indicated by — . 
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6th days being markedly higher. The addition of hog mucosa, with shaking, 
brings about complete liberation in 1 day but not in 7 horns. With an 
identical digestion mixture, 5 days without shaking yielded less complete 
hydrolysis than 1 day with shalcing (average tryptophane values 0.17 and 
0.20 per cent respectively). The results for pork sample (No. 2) also 
illustrate the completeness of hydrolysis with 1 day of shaking in the pres- 

Tadle III 


Tryptophane Content of Natural Foodstuffs 


Material 

O 

f| 

Mois- 

ture 

Fat 

Pro- 

tein 

B 

Tryptophane 
In protein* 

Values from literature 



Ptr 

per 

per 

ptr 


per cent 



cent 

cent 

cent 

cent 



Laotalbumin 

9 



95.9 

2.G6 

2.77 (2.88) 

2.3 (5), 1.79 (6,2), 








2.06(1) 

Casein 




85.2 

1.31 

1.31 (1.58) 

1.8 (5), 1.20 (1), 








1.07t(3).1.20 (6, 

9) 

Fibrin 




89.9 

3.20 


3.4 (5) 

Wheat gluten 




82.8 

0.77 


1.0 (5) 

Soy bean oil meal. . 




43.9 


1.73 

1.6 (6) 

Veal 1 


74.0 

5.3 

19.2 

0.21 


1.39 (7) 

“ 2 


74.5 

3.0 

21.7 

0.24 

1.11 


Pork 1 


50.2 

34.0 


0.20 

1.34 

1.37 (1) 

“ 2 

4 

51.8 

33.8 


0.16 

1.23 


“ 3 

3 



■HR 

0.19 

1.28 


Beef Kidney 1 

3 

79.2 

3.0 

14.5 

0.19 

1.34 

1.81 (7) 

H H o 

3 



14.6 


1.44 


“ tongue 

3 

66.6 

16.9 


0.19 

1.19 


“ liver 

3 

69.5 

4.1 

Rijpl 

0.32 

1.60 

1.38 (3), 1.81 (7), 








1.5 (5) 

“ Heart 1 

3 



18.1 

0.24 

1.33 

1.41 (7) 

(1 4( O. 

3 



18.2 

0.23 

1.26 



* All values are calculated to 16 per cent N. The values in parentheses are cal- 
culated to 15.6 per cent nitrogen for casein and 15.4 per cent nitrogen for lactalbumia. 
t Uncorrectod. 


ence of pancreatin and hog mucosa. There was no change in values when 
the period was extended to 2 days. 

In Table III are presented tryptophane values for a few natural food- 
stuffs. These were obtained by digesting the material with 50 mg. of 
pancreatin and 25 mg. of hog mucosa. The samples were shaken for 1 day 
in a 37° incubator and diluted for assay as described above. 

DISCUSSION 

The problem of perfecting a microbiological assay for tryptophane 
depends largely upon the development of a satisfactory method for hydroly- 
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sis of the materials to be analyzed. The reliability and specificity of the 
tryptophane assay with Lactobacillus ardinnosus have not been questioned 
by those working in this field. Although Wooley and Sebrell (2) have 
shown that indole can replace tryptophane, their work indicates that none 
of the materials used in this study would supply indole. When judging 
the adequacy of a hydrolysis procedure, it appears logical to select the 
procedure which produces the highest tryptophane value. 

On this basis it is clearly evident that both acid and alkaline hydrolysis 
yielded values which were low for ail the substances tested. Reproducible 
values were obtained for casein after acid hydrolysis but the known destruc- 
tion of pure samples of tryptophane and of tryptophane in the meat sam- 
ples after acid treatment renders the data for casein questionable. 

The values obtained after hj’drolj’sis with sodium hydro.vide were less 
variable but they were low even if complete racemization is assumed. 
That racemization is a factor is emdent from the activity of solutions of 
d-tryptophane after alkaline hydrolj’sis. There is good reason to beh'eve 
that there is destruction of triptophane after treatment with alkali because 
pure samples of di-tryptophane, so treated, showed markedly less than the 
50 per cent of the e.vpected actmty. The loss must be due to destruction, 
since these samples are completely racemized and gave the expected 50 per 
cent activity before hydroli’sis. Wooley and Sebrell (2) and Horn and 
Jones (6) have not given serious consideration to destruction by sodium 
hydroxide. In the light of our results it seems possible to e.xplain many 
of the differences between the two types of bydrol^-sis procedures which 
they used and between the chemical and microbiological determinations 
not only on the basis of incomplete hydrolysis or racemization but on 
varying degrees of destruction. 

With alkaline hydrolysis the destruction does not increase with prolonged 
time. It is probably for this reason that most workers have assumed that 
only racemization was concerned and that, if alkaline autoclaving were 
continued long enough, values representing half the tryptophane present 
would result. This seems to be the reasoning behind the recommendation 
of Stokes et al. (3) to autoclave for at least 10 hours. They beh'eve sodium 
hydroxide digestion to be satisfactory but the •values they obtained were 
lower than those obtained by enzjme treatment. Greene and Black (1) 
employed 5 mg. of pancreatin (for each 0.1 gm. of dry protein) for 24 horns, 
and found lower values than those they obtained by autoclaving with 
barium hydroxide. This is not surprising in the light of the present work, 
which indicates that in the absence of shaking complete h 3 ’drolysis is not 
obtained by digestion with pancreatin alone even after periods of several 
days, except with a few materials. 

Wooley and Sebrell (2) investigated pepsin, trypsin, and erepsin as 
hydrolytic agents. A digestion period of 4 days was employed. Their 
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results for casein and lactalbumin are lower than those reported in the 
present work. In general in order to obtain complete liberation of trypto- 
phane in reasonable lengths of time it is necessary to combine mucosal 
preparations with pancreatin and shake the reaction mi.xture continuously. 
Our experience indicates that low values are associated with marked varia- 
tion between aliquots of a single material, and suggests that hydrolj'sis 
has proceeded at varying rates due to uncontrolled factors such as particle 
size. Thus, it is possible that certain samples may require more than 1 
day for digestion, but the samples tested in the present study have given 
maximal liberation with 1 day under the conditions outlined above. 

The actual values obtained for several different samples are listed in 
Table III. Direct comparison can be made with the results obtained by 
other workers. The values for the meat samples are lower than those 
obtained by Beach et al. (7) by a chemical method. The values for casein 
and lactalbumin are higher than those obtained by Wooley and Sebrell (2) 
and Horn and Jones (6) by enzymatic digestion, and are generally higher 
than those reported by Greene and Black (1) by either of their methods. 
The values for casein and beef liver reported by Stokes et d. (3) by alkaline 
hydrolysis are lower than those reported by any of the investigators. 
Variations in results among workers are believed to be due to incomplete 
liberation in many of the samples tested or to loss of tryptophane through 
the method of hydrolysis. 


SUMMARY 

Liberation of tryptophane from proteins and foodstuffs has been effected 
by shaking the samples for 24 hours in a mixture of pancreatin and hog 
mucosa. 

The tryptophane content of several proteins and foodstuffs was measured 
by Laclobacillus arabinosus after liberation by this method, 
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The importance of glutamine in the nitrogen metabolism of plants has 
been appi-eciated since the classical studies of Schulze in the last century. 
The recognition, in recent years, of the role of glutamine in the metabolism 
of animals has conferred upon this substance increased biochemical sig- 
nificance, An excellent survey of the current knowledge concerning the 
chemical properties and physiological fimction of glutamine has been 
protdded by Archibald (1). 

In the present communication, a method is described for the synthesis 
of Z(-b)-glutamine. This method is intended to supplement two e.xcellent 
procedures currently available for the preparation of this substance. The 
first of these, the isolation of glutamine from plant materials, has been 
described by 'i^ckery, Pucher, and Clark (2) and is a modification of the 
method originally used by Schidze and Bosshard (3). The second proced- 
ure is the synthesis described by Bergmaim, Zervas, and Salzmann (4) in 
which carbobenzo.xy-Z-glutamic acid anhydride is allowed to react with 
benzyl alcohol to give the a-faenzyl ester. Conversion of the 7 -carboxyl 
to the acid chloride, followed fay treatment with ammonia, yields N-carfao- 
benzo.xy-Z-glutamine benzyl ester which, on catalytic hydrogenation, yields 
pure glutamine. Nienburg (5) has described an additional synthesis in 
which glutamic acid y-ethyl ester hydrochloride (6) is carbobenzoxylated 
and, from the resulting product, carbobenzo.xyglutamine is obtained by 
treatment uith liquid ammonia; hydrogenation yields glutamine. 

The s 3 Tithesis of glutamine described below takes advantage of the fact 
that the specificity of papain is adapted to the hydrolysis of amide linkages 
involving the a-carbo.xyl of N-acylated Z-glutamic acid (7), while the 
7 -amide linkages remain unaffected. Consequently, when carbobenzo.xy-Z- 
^lutamic acid diamide (I) is subjected to the action of cj'steine-activated 
papain, the enzymatic cleavage which ensues is confined to the a-amide 
group. From the enzymatic digest, carbobenzo.\y-Z-gIutamine (II) may 
be isolated. After careful purification of this substance by reciystalliza- 
tion, removal of the carbobenzo.xy residue by catalytic hydrogenation 
yields Z(-f )-glutamine (III) of high purity'. The over-all yield, based on 

These experiments were conducted with the aid of grants from the Rockefeller 
Foundation and from the Fluid Research Fund of Yale University School of iledicine. 
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the amount of Z-glutaraic acid used to prepare the diamide, is about 20 per 
cent of the theory. 

CO— NHi CO-NII, 

1 1 

CH, CH, 

I I 

CH, CH, 

I I 

C,H,-CH,-0- CO-NH-CH-CO-NH, C,H,.CH,-0- CO-NH- CH-COOH 

(I) (ID 

CO— NH, 

1 

CH, 

I 

CH, 

I 

NHj.CH. COOH 

(HI) 

The purity of the material thus obtained is indicated by a satisfactory 
elementary analy'sia and by the fact that, on addition of Kessler’s reagent, 
no immediate color is noted. On standing, however, color is developed 
because of the cleavage of glutamine in the strongly alkaline solution. 
This test, suggested by Archibald (1), provides a rapid and sensitive means 
of demonstrating the absence or presence of ammonium pyrr olid one car- 
boxylate in preparations of glutamine. 

Since the operations in this synthesis do not involve the danger of 
racemization, optical purity of the glutamine may be e.\pected if the 
Z-glutamic acid originally employed is optically puie. The glutamine ob- 
tained by the method described in this paper gave [a]o^ = -f6.0° (3.6 per 
cent in water), while the optical activity of the product obtained by Berg- 
mann et al. (4) by the synthesis described above was reported to be [a]p = 
-1-8.0°. For this reason, an e.xamination was made of the optical rotation 
of several glutamine preparations of assured purity. 

It should be mentioned that Schulze and Trier (8), in a careful study of 
a variety of glutamine preparations from plant material, found values for 
the rotation of this substance rvhich varied between -{-5.2° and -h9.5°. 
After critical evaluation of their data, these authors concluded that the 
specific rotation of 1-glutamine at 18-20° lay between -1-6.0° and -1-7.0°. 
They also called attention to the fact that the rotation of solutions of 
glutamine could be raised appreciably by the presence, as an impurity, 
of small amounts (5 per cent) of 1-glutamic acid. 

Through the kindness of Dr. H. B. Vickery, it was possible to e.vamine 
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the optical activity of two preparations of pure glutamine isolated from 
natural sources. The first of these was obtained from beets fay the method 
described earlier (2), and had a nitrogen content of 19.0 per cent. The 
second preparation, isolated from a rye grass e.xudate, had been recrystal- 
lized from water and had a nitrogen content of 19.16 per cent. It was 
found that the material from beets gave [a]^ = -J-G.O”, while the material 
from the grass e.xudate gav’e [a]? = -{-6.1°. Furthermore, a preparation of 
Z-glutamine synthesized according to the method of Bergmann el al., and 
which had a nitrogen content of 19.20 per cent, gave [off = -{-6.1°. The 
available evidence points, therefore, to the value of -{-6.0° to -|-6.1° as being 
the most probable specific rotation of /(•{-)-glutamine at the temperature 
and concentration employed in these measurements. 

It may be added that the method for the synthesis of glutamine described 
in this paper may be used also for the synthesis of peptides in which 
glutamine bears the terminal a!-carbo.xyl group (e.g., Z-phenylalanyl-f- 
glutamine). This supplements the application of the carbobenzoxy method 
to the synthesis of glutamine peptides by Melville (9) and Harington and 
Mead (10). 


EXPERCSENTAL 

Carhcibemoxy-l-glutamic Acid Diamide — 44 gm. (0.3 mole) of Z-glutamic 
acid ((a}“ = -{-31.0° in x HCl) were esterified with 250 ml. of absolute 
methanol and dry hydrogen chloride gas. The solution was evaporated 
under reduced pressure to a syrup which was dissolved in 200 ml. of abso- 
lute methanol. The treatment with dry hj’drogen chloride was then 
repeated. Removal of the methanol by evaporation under reduced pressure 
gave a syrup. This was dissolved in 200 ml. of water and 300 ml. of 
chloroform were added. The mixture was chiUed and 5 gm. of magnesium 
omde and IS gm. of carbobenzo.xy chloride were added with cooling and 
shaking. Three further additions of the same amounts of the two reagents 
were made at 10 minute intervals. 15 minutes after the last addition, 
the e.xcess of carbobenzo.xy chloride was decomposed with 10 ml. of pjTidine 
and the reaction mixture was acidified with 5 x hydj-ochloric acid. The 
chloroform layer was washed twice with water, then successively with 
bicarbonate, with dilute hydrochloric acid, and finally again with water. 
After being dried with sodium sulfate, the solution was concentrated under 
reduced pressure at 35—10°, yielding a sjTup which consisted of carbo- 
benzo.xy-Z-glutamic acid dimethyl ester. 

To the s^Tupy ester there were added 500 ml. of absolute methanol which 
had been saturated previously with ammonia gas at 0°. The mixture was 
allowed to stand at room temperature for 3 days, during which time the 
diamide crystallized, and was then chilled overm'ght in the cold room. 
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The crystals were filtered, washed with 200 ml. of cold methanol, and 
recrystallized from absolute alcohol; m.p., 194-196°, The yield was 55 
gm. or 65 per cent of theory. 

C»H„0,N,. Calculated. C 65.9, H 6.1, N 16.05 
279.3 Found. “ 65.8, “ 6.2, » 14.9 

Carbobenzoxy-l-glulamine — 14 gm. of the diamide were suspended in 
150 ml. of m/ 15 citrate buffer (pH 5.0) and to this mixture there were 
added 100 ml. of a solution of activated papain containing 1 gm. of papain 
(prepared according to Grassmaim (11)) and 250 mg, of cysteine hydro- 
chloride. The solution was diluted to make the total. volume 500 ml., and 
kept for 4 days at 40°. Dining this period, the diamide went into solution. 
A small amount of amorphous material then was filtered off, and the filtrate 
was concentrated under reduced pressure to a volume of 50 ml. Dilute 
hydrochloric acid was added to Congo red, whereupon an oily precipitate 
appeared which crystallized readily. Two recrystallizations from 
methanol-water were required to obtain completely pure material; m.p. 
136-137°. Yield, 6.6 gm. or 47 per cent of the theory. 

CiaH„OjN,. Calculated. C 55.7, H 5.8, N 10.0 
280.3 Found. “ 55.7, “ 5.8, “ 10.0 

Bergmann and Zervas (12) have reported a melting point of 137° for this 
compound, which they prepared by treatment of natural Z-glutamine with 
carbobenzoxy chloride in the presence of bicarbonate. 

l-Glutamine — 4.5 gm. of the carbobenzoxy compound were dissolved in 
25 ml. of methanol and 0.2 ml. of glacial acetic acid, and hydrogenated at 
atmospheric pressure with palladium black (13) as the catalyst. After 3 
hours, the hydrogenation was complete and water was added to dissolve the 
glutamine which had crystallized out. The catalyst rvas filtered off, and 
the filtrate was evaporated to dryness under reduced pressure at a bath 
temperature of 35-40°. The product was recrystallized from water-ethanol 
(1:3); m.p. 185-186°. Yield, 1.9 gm. or 82 per cent of the theory. 

CtHioOjNj. Calculated. C 41.1, H 6.9, N 19.2 
146.1 Found. “ 41.0, " 6.9, “ 19.2 

[oId = -1-6.0° (3.6% in water) 

The optical rotation was determined with a Schmidt and Haensch 
polarimeter equipped with a General Electric sodium lamp as the light 
source. 

The author is indebted to Dr. H. B. Vickery for valuable criticism con- 
cerning this manuscript and for the gift of samples of natural glutamine. 
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STOIilART 

A method for the synthesis of t(+)-glutaniine is described, in which 
carbobenzoxy-Z-glntamic acid diamide is treated with papain to yield 
carbobenzoxy-Z-glutamine. Catalytic hydrogenation of this product 
yields glutamine of high purity. 
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Isocysteine and isocystine were first prepared early in the present century 
by Gabriel (1) as part of a project whose objective was the determination 
of the structure of cystine, which had only recently been discovered as a 
component of the protein molecule. Since the structure of cystine was 
established by Friedmann (2) shortly thereafter, Gabriel did not report his 
synthesis till 1905 and 2 years later announced a second method of sjti- 
thesis of isocysteine (3). There was little further work on isocysteine 
until 1939, when Schoberl and Braun (4), in an investigation of the lability 
of the sulfur of cystine and related compounds, made available a new and 
more convenient method of synthesis of isocysteine by which better yields 
were obtainable. Chemical studies are limited mainly to investigations 
of lability of the sulfur of isocystine (4). The compound does not react 
in the highly specific naphthoquinone sulfonic acid test of Sullivan (5) 
for cysteine but reacts positively, as does cj'steine, in the Fleming reaction.* 

So far as is known to us, no studies of the biochemical behavior of iso- 
ej’steine have been reported. This compound is of interest not only 
because of the comparison with the isomeric sulfur-containing compound 
cysteine, but also because of its /J-amino group. The group of ^amino 
acids is represented in nature chiefly by ^-alanine, a constituent of camosine 
and pantothenic acid. The present study is concerned with the metabolic 
behavior of isocysteine in the organism of the rabbit and rat. Observations 
on the reaction of nitrous acid with isocysteine were also made, since it is 
knouTi that the sulfur of cystine, the disulfide of the isomeric ct-amino 
acid, cysteine, is readily o.vidized to sulfate with this reagent, which is used 
in the Van Slyke method for amino nitrogen (7). 

EXPERniEXTAL 

After preliminary trials, the method of Schoberl and Braun (4) was 
adopted for the sjTithesis of isocysteine as preferable in ease of manipulation 
and yield. The isocysteine hydrochloride obtained was not of satisfactory 

•Present address. Department of Biological Chemistry, School of Medicine, 
University of Texas, Galveston. 

’Unpublished observations of Sullivan cited by Vassel (6). 
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purity, as evidenced by a low sulfur content (18 per cent). In purification, 
best results were obtained when small amounts (usually 2gm.) of the im- 
pure isocysteine hydrochloride were used. The isocysteine was dissolved 
in about 5 ml. of water and this solution was added drop by drop with 
continuous sthring to 100 ml. of a saturated aqueous solution of mercuric 
chloride. After standing 8 to 12 hom'S in a refrigerator, the precipitated 
mercury raercaptide was filtered off, washed, and dissolved in lukewarm 
10 per cent hydrochloric acid. After filtration, the solution was treated 
with hydrogen sulfide and mercuric sulfide was removed by filtration. 
The filtrate was then distilled at a pressure of a 2 to 3 mm. of mercury until 
a thick syi'up was obtained. The syrup slowly crystallized on standing in 
a vacuum desiccator. The crystals were filtered off and washed mth 
acetone and ether. The first lot (15 gm., a pooled sample from a number 
of runs) was of satisfactory purity when first prepared but, after standing 
for 6 months in a vacuum desiccator, some decomposition had occurred, 
as evidenced by slightly low total and sulfhydryl sulfur contents. A 
second lot (8 gm.) was prepared, purified, and used within a few weeks after 
preparation in most of the e.xperiments reported. Analysis showed a con- 
tent of total sulfur of 20.36 per cent (theoretical, 20.34 per cent) by the 
Carius method, 20.66 per cent of sulfhydryl sulfur as determined by the 
method of Lavine (8), and 22,90 per cent of chlorine (theoretical, 22.56 
per cent). 

In attempts to convert isocysteine to isocystine, the yields, as reported 
by others (4), were poor, so that a small amount only of isocystine was pre- 
pared (26.68 per cent of sulfur; theoretical, 26.66 per cent) for use in the es- 
tablishment of standard curves in the colorimetric determination of disul- 
fides in the urine by a modified procedure of ICassell and Brand (9). 

Reaction of Nitrous Acid with Isocystcine — The experimental procedure 
w'as the same as that previously described in the study of the reaction of 
nitrous acid with cystine (7). Control experiments in which the oxidation 
of cystine w'as determined were carried out in order to make possible the 
direct comparison of cystine and isocysteine. The rate and extent of the 
oxidation of cj'stine to sulfuric acid agiee well with those of previous ex- 
periments in this laboratory in which the temperature was slightly lower 
(25°). The results of two series, presented in Table I, show that the sulfur 
of isocysteine is oxidized to sulfate by nitrous acid at approximately the 
same rate and to the same extent as is that of cystine. It was not possible 
to determine whether the nitrogen liberated in the reaction was in excess 
of the theoretical for /3-amino nitrogen as with cystine, but, in view of our 
previous observations (7), this would appear probable. 

Oxidation of Sulfur of Isocysteine by Rabbit — ^The general procedures of 
the metabolic experiments with male rabbits of 2 to 3 kilos of body weight 
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were essentially those customarily used in similar studies in this laboratory 
(10). In addition to the determination of the partition of urinary sulfur, 
urinary nitrogen and creatinine, urinary disulfides were also determined 
by slight modification of the Kassell-Brand phosphotungstic acid procedure 
(9) and keto acids by Shacter’s unpublished modification of the method of 
Case (11). Phenylpyruvic acid was used as a standard in the determina- 
tion of the K values in the Evelyn photoelectric colorimeter (12) and the 
extra sulfur as a-keto acid was calculated on the assumption that any 
increased elimination of keto acids on the experimental days was occasioned 
by the deamination of the amino acid fed and that each molecule of keto 
acid corresponded to 1 atom of sulfim. As a matter of fact, no significant 

Tabix I 

Oxidation of Sulfur of Cystine and Isocysteine to Sulfate Sulfur by Nitrous Acid at 28° 


Tha amount of the aulfur-containing amino acids used in each experiment was 
equivalent to 50 mg. of sulfur. 


Series 

Time 

Cystine 

Isocysteine 

BiSOt 

SoUur oxidized ' 

of total j 

B1SO4 ' 

Sulfur oxidized 
of total 


Its. 

mt. 


per uni 

nr. 

nr. ' 

per uni 

A 

3 

151.5 

21.3 

42.6 

161.5 

22.2 

44.4 



156.6 

21.6 

43.2 

155.2 

. 21.3 

42.6 


6 

163.1 

22.4 

44.8 

164.8 

22.6 

45.2 



162.1 

22.2 

44.4 

167.8 

23.0 

46.0 

B 

1.5 

143.1 

19.7 

39.4 

126.7 

17.4 

34.8 



142.6 

19.6 

39.2 

125.7 

17.3 

34.6 


3 

151.2 

20.8 

41.6 

147.1 

20.2 

40.4 



152.3 

20.9 

41.8 

150.5 


41.4 


6 

162.7 

22.4 

44.8 

165.8 

22.3 

44.6 



163.5 

22.5 

45.0 

169.9 

23.4 

46.8 


changes in the excretion of keto acids following the administration of either 
cystine, cysteine, or isocj-steine were observed. 

Schoberl and coworkers (4, 13) have determined isocysteine and iso- 
cystine in pure solution by a method which made use of the reduction of 
phosphotungstic acid by the sulfhydryl group. Since it was desired to de- 
termine total sulfhydryl and disulfide sulfur in urine, the procedure of 
Kassell and Brand (9), in which reduction of phosphotimgstic acid is also 
concerned, seemed most promising, inasmuch as it is possible to correct 
for the non-sulfur reducing substances which are normally present in urine. 
The conditions recommended by Kassell and Brand were followed with 
three exceptions. The determinations of optical density were made with 
an Evelyn photoelectric colorimeter (filter No. 690), the method being 
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standardized and calibration curves prepared by the use of solutions of 
pure cystine and isocystine. The sulfite was added prior to the phospho- 
tungstate reagent, since it was found that this resulted in better duplicate 
determinations. 15 minutes were allowed for color development rather 
than the 8 minute period recommended by ICassell and Brand. This was 
necessary because, under the conditions used, the reaction of isocystine 
was found to be less rapid than that of cystine. When cystine and iso- 
cystine w'ere added to rabbit urine, recoveries of 95 ± 2 per cent could be 
obtained. Since the amounts of isocystine excreted after the administra- 
tion of isocysteine were so large, the accuracy of the method W'as considered 
satisfactory. 

The urines of the experimental periods were also tested qualitatively by 
various reactions which indicate thiol and disulfide derivatives. Positive 
ammonia-nitroprusside and cyanide-nitroprusside tests indicate the pres- 
ence of thiol and disulfide groups respectively, but the tests are not specific 
beyond this. A positive’ Sullivan naphthoquinone sulfonic acid test shows 
the presence of cysteine or cystine, according to the conditions used. The 
Fleming test, as modified by Vassel (6), is believed to be specific for a thiol 
and a primary amine group separated from each other by two — CH*— 
(methylene) groups as in cysteine or isocysteine. We have confirmed the 
observation of Sullivan (6) that isocysteine (and isocystine after reduction) 
gives a positive-Fleming-Vassel test. 

The experimental data are presented in Table II, in w'hich the distribu- 
tion of extra urinary sulfur following the oral and subcutaneous adminis- 
tration of isocysteine (as the hydrochloride) and of cystine and cysteine is 
given. When cysteine or cystine was administered, the greater part of 
the sulfur of the amino acid was recovered in the urine in o.ddized form 
(sulfate sulfur), indicating that the organism of the rabbit can effectively 
metabolize the sulfur of these compounds when ingested in moderate 
amounts, as shown by previous experiments in our o^vn and other labora- 
tories. The urines of the experimental days gave weakly positive cyanide- 
nitroprusside, Fleming- Vassel, and Sullivan tests, evidence that the extra 
disulfide sulfur was due to the excretion of small amounts of cystine. 

In contrast to these findings, the experiments in which isocysteine was 
fed failed to show significant o.xidation of the sulfur. Less of the total 
sulfur fed was recovered as urinary sulfur (29 to 37 per cent as contrasted 
mth 53 to 92 per cent in the cysteine experiments) and the extra organic 
sulfur fraction of the urine was greatly increased. In two of the e.xperi- 
ments in which isocysteine was fed, no increase in the oxidized sulfur 
resulted and 96 to 108 per cent of the extra sulfur was excreted as organic 
sulfur. When isocysteine was injected subcutaneously, although the 
recovery of total sulfur was much greater (75 to. 98 per cent), from 84 to 
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97 per cent of this sulfur was present in the urine as organic sulfur. The 
failure of oxidation of the sulfur of isocysteine, in simrp contrast to the 
ease of oxidation of cystine sulfur, was unexpected, since earlier w ork with 

Tavve II 

Excretion of Extra Urinary Sulfur after Administration of Cysteine and Isocysteine 
The compounds w ere administered as the hj drochlorides The second horiion- 
tal line of each experiment represents the sulfur excretions in percentages as follows 
The values m parentheses under the heading “Total" represent the percentage of 
sulfur administered excreted as extra total sulfur; those under the headings “Sul- 
fate" and “Organic," the percentages of the total extra sulfur excreted as oxidized 
(sulfate) and orgamc sulfur respectively; and those under the headings “Bisulfide” 
and “Keto acid," the percentages of the extra organic sulfur present as disulfide and 
keto acid respectively. 


lUbbit 

&&d 

expcn- 

me&t 

No 

Sub&tofice odaiai^tcred 

SoUor 

1 Extra sttUtir of uncs 

I Total 

i 

1 Sulfate 



1 Keto 

1 xci 



mg 

i n/. 





1-1 

Cysteine, oral 

333 

1 331 

195 

38 


1 nr- 




1 (69) 

; (85) 

(15) 



1-3 

Isocjateme, oral 

333 

! 97 

-s 

105 






! (29) 

! (-8) 

(103) 



1-3 

1 “ subcutaneous 

150 

147 

! 23 

124 

100 

3 




(93) 

(16) 

(84) 

(80) 

(2) 

3-1 

Cjsteine, oral 

333 

2M 

210 

51 

! 3 

2 




(79) 

(80) 

(20) 

(6) 

r«I) 

3-2 

Isocjateme, oral 

300 

112 

33 

74 

56 

3 




(37) 

(M) 

(66) 

(75) 

(1) 

3-3 

“ aubeutaneoua 

150 

! 114 

8 

108 

i 86 

3 




(76) 

(7) 

(93) 

(81) 

(2) 

4-1 

Cysteine, oral 

333 

176 

147 

29 

10 

1 




(53) 

(84) 

(16) 

(35) 

«1) 

4-2 

Cystine " 

333 

250 

210 

40 

3 

1 




(75) 

(84) 

(16) 

(7) 

«1) 

4-3 

Isocysteine, oral 

300 

101 

4 

97 

77 

2 




(34) 

(4) 

(96) 

(79) 

Bn 

4-4 

“ subcutaneous 

150 

117 

4 

113 

88 

■51 




(78) 

(3) 

(97) 

(78) 

■1 


thiolactic and thioglycolic acid had shown considerable oxidation of the 
sulfur of thiol groups substituted on aliphatic fatty acid chains (14). 

Determination of the disulfide groups of the urine showed that from 75 
to 81 per cent of the extra sulfur of the urine after isocysteine administration 
xxas excreted in this form. This was further checked by qualitative tests 
of the urine. The ammonia-nitroprusside test w as negativ e, demonstrating 
the absence of cysteine or isocysteine. The Sullivan test was completely 
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negative and the cyanide-nitroprusside and Fleming-Vassel teats were 
strongly positive. This indicated the absence of cystine and the presence 
of a disulfide, presumably isocystine, since the presence of cystine was ruled 
out by the negative Sullivan teat. That significant deamination of the 
isocysteine had not occurred is shown by the determinations of the keto 
acids. The changes in the keto acid values after isocysteine were so slight 
as to be almost within the error of the determination. The marked in- 
crease in disulfide sulfur, presumably isocystine sulfur, and the absence of 
any notable increase in keto acid excretion suggest strongly that isocysteine 
is not catabolized readily either by oxidative deamination or by oxidation 
of the sulfur of the molecule. 

The relation between the amino and thiol groups of cysteine and iso- 
cysteine is the same; i.e., in both these compounds the amino and thiol 
groups are attached to adjacent carbon atoms. In cysteine, the amino 
group is a to the carboxyl group, while in isocysteine the amino group is in 
the p position. It is possible that in isocysteine as well as in cysteine (15) 
the oxidation of the sulfur to sulfate must be accompanied or preceded by 
oxidative deamination. If the resistance of ;S-aIanine and isoserine to 
deamination in tissue slice experiments (16) is a characteristic of the entire 
group of /3-amino acids, the deamination of isocysteine might be difficult 
and this failure of deamination might be associated with the failure of 
oxidation of the sulfur in the animal body. As further indirect evidence 
of the metabolism of /3-amino acids, Schofield, in unpublished results from 
this laboratory, has shown that, while a-alanine is a readily available 
source of glycogen in the fasted young white rat, no glycogen is formed 
under the same conditions when /3-alanine is fed. Similarly, in contrast 
to serine, isoserine is a poor source of glycogen. j8-Alanine does not give 
rise to urinary glucose in the phlorhizinized dog (17), although isoserine 
is stated to be gluconeogenetic under the same conditions (18). 

The fate of that fraction of the sulfur administered orally as isocysteine, 
which failed to be excreted as exti’a sulfur in the urine, is not indicated by 
these e.xperiments. The bacterial flora may play a r61e in the destruction 
of sulfur-containing compounds in the intestinal tract (19), but it seems 
improbable that if this were the chief factor so consistent and so marked 
a difference between cysteine and isocysteine would have been observed. 
Delayed absorption of isocysteine might afford more opportunity for the 
activity of microorganisms. It may be noted that Schofield in further 
unpublished experiments has noted a definitely lower rate of absorption 
of /3-alanine and isoserine from the intestine in comparison with the isomeric 
a-amino compounds, alanine and serine. 

Since isocysteine was shown to be physiologically inert and to be e.xcreted 
in large part unchanged in the urine of rabbits to which it was administered. 
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it was considered improbable that it would favorably influence the growth 
of young white rats fed a cystine-deficient diet. A short series of experi- 
ments, limited by the supply of isocysteine available, was imdertaken. 
The basal cj-stine-deficient diet was of the usual type, in which the protein 
was furnished by casein at a 5 per cent level. Cystine and isoej’steine 
were added as supplements at a level of 0.5 per cent. The paired feeding 
method was employed, the food intake being determined in each group 
by the amount of food consumed by the animal receiving isocysteine. The 
rats ate the isocysteine diets poorly. This may have been due to the char- 
acteristic and (to the authors) unpleasant taste of the compound. In the 
paired feeding period, two rats receiving cystine gained 2.8 and 2.6 gm. 
respectively in 22 da3r3, while their paired control mates receiving iso- 
cysteme lost 11.5 and 2.0 gm. In a subsequent 19 day period of unre- 
stricted feeding, the same cystine-fed rats gained 20.3 and 15.1 gm., while 
the two receiving isocysteine lost 3.1 gm. and gained 0.1 gm. respectively. 
Although the food intakes were admittedly unsatisfactory, the results 
offered no evidence of the utilization of isocysteine for growth. 

SUiniAEY 

1. The sulfur of isocysteine was oxidized to sulfate bj' nitrous acid at 
appro.ximately the same rate and to the same e.xtent as was the sulfur of 
cystine. 

2. When isocysteine was administered orally or subcutaneously to 
rabbits, there was no significant increase in the oxidized sulfur of the urine. 
All of the c.vtra urinary sulfur appeared in the organic sulfur fraction. 
This extra organic sulfur was mainly disulfide sulfur. The increased 
e.xcretion of disulfide sulfur was not due to the presence of cj'stine (negative 
Sullivan reaction). This negative evidence together with a positive 
Fleming-Vassel test (after reduction) suggests that isocysteine is e.xcreted 
as isocystine and that e.xtcnsive o.xidation of the sulfur has not occurred. 

3. The relation of these observations to the problem of the metabolism 
of ^-amino acids is discussed. 
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mCROBIOLOGICAL DETERMINATION OF METHIONIA-E IN 
PROTEINS AND FOODSTUFFS* 
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(Prom the Department of Biochemistry, College of Agriculture, Unkersity 
of Wisconsin, Madison) 

{Received for publication, May 31, 1946) 

Studies on the metabolism of methionine in the animal body necessitate 
the use of a reliable method for the determination of methionine in a variety 
of materials such as proteins, blood, and urine. The usual methods for the 
estimation of methionine have been chemical in nature and are often in- 
sensitive and are in some cases not entirely specific (1-7). Since micro- 
biological methods have been successfully applied to the determination of 
a number of amino acids in this and other laboratories, such methods 
seemed to ofi'er the best approach for the analysis of methionine in crude 
materials. 

The requirement of methionine for the grovth of certain lactic acid- 
producing bacteria has been shonm independently by several investigators. 
Shankman ci al. (8, 9) and Hegsted (10) reported that methionine is essen- 
tial for the growth of Lactobacillus ardbinosus 17-5. Kuiken ei al. (11, 12) 
and McMahan and Snell (13) also showed that methionine was necessary 
for majdmum growth, although it was not classified as an “essential” amino 
acid for this organism. 

Snell and Guirard (14) studied the qualitative requirements of SlreplO' 
coccus faecalis R and reported that methionine was not essential for this 
organism. However, Greenhut et al. (15) noted that very little growth 
occurred with this organism when methionine was omitted from the medium 
and suggested that it could be used for the assay of methionine. Stokes 
el al. (16) have used Streptococcus faecalis for the assay of nine essential 
amino acids, includiog methionine. 

Drum et al. (17, IS) concluded that Leuconostoc mesenteroCdes PD-CO and 
Lactobacillus fermenii 36 could be used to determine methionine in protein 
hydrolj’sates. Dlethionine has also been reported to be essential for Strep- 

• Published ivith the approval of the Director of the tVisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Wisconsin .-Uumni Re- 
search Foundation and the Xational Live Stock and Meat Board, Chicago, lUinois. 
We wish to e.vprcss our thanks to Dr. R. T, Major of Merck and Company, Inc., 
Rahway, Xew Jersey, for d(+)- and /(— )-methionine; to Dr. V. du tigneaud of 
Cornell University Medical College, Xew York, for df-homocystine; to Dr. E. E. 
Snell for pjvido.\amine dihydrochloride; and to the Lederle Laboratories, Inc., 
Pearl River, New York, for ciystalUne folio acid. 
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tococcus laclis L-103 (19) and stimulatory to the growth of L. casei BC-1 
(20) and L. delbruckii LD-5 (21). 

It can be seen that there is no complete agreement on the essential nature 
of methionine in the media of Lactobacillus arabuiosus and Streptococcus 
faecalis. Several reasons for this disagi'eement have become evident and 
are discussed in the present report. 

EXPERLMENTAL 

Stock cultures of Lactobacillus arabinosus 17-5, Streptococcus faecalis R, 
and Leucoiiostoc mesenteroidcs PD-60* were maintained and the inocula 
were prepared as described by Schweigert ci al. (22), Teply and Elvehjem 
(23), and Dunn et al. (17), respectively. 

The compositions of the basal media and the method of preparation of 
the stock solutions are presented in Table I. The levels of the constituents 
were revised slightly to produce more reliable methionine standard curves 
and to permit the use of similar media for all three microorganisms. 
The essential differences in the amino acid composition relate to the use of 
leucine free from methionine (usually dWeucine) m the media of all tkee 
organisms and the reduction of the level of alanine for Lcuconostoe vusen- 
tcroides used by Dunn et al, (17) more nearly to that used by Hac et al. (24). 
Since pyridoxamine is preferred for Streptococcus faecalis (25) and a rather 
high level of pyiido.xine has been used by Dunn et al. (17) for Leuconosioe 
mesenteroides, both were used in the stock vitamin solution. However, 
pyridpxine could probably be eliminated from the media when pyi-idox- 
amine is used, since the latter is more active for these organisms. Typical 
■ standard curves for 1-methionine obtained with Lactobacillus arabinosus, 
Streptococcus faecalis, and Lcuconostoe mesenteroides are shorvn in Fig. 1. 

Toennies (26) reported that the methionine and tryptophane in casein 
could be destroyed by oxidative treatment with hydrogen peroxide. As- 
says of such a preparation of casein with rats by Bennett and Toennies (27) 
and microbiological assays in this laboratory indicate that the casein prepa- 
ration is very low in methionine and tryptophane. The authors have used 
an acid hydrolysate of casein treated in a similar manner for some of the 
methionine assays reported here. 

Synthetic dl-methionine was used for the standard curves in this study. 
The activity of the two optical isomers was checked Avith Lactobacillus 
arabinosus as the test organism. Since cl(-l-)-methionine was inactive and 
dl-methionine had half the activity of Z(—) -methionine, the use of dl-me- 

‘ Theae organisms are obtainable from the American Type Culture Collection, 
Georgetown University School of Medicine, Washington, D. C. Streptococcus 
faecalis R is also known as Streptococcus lactis R. 
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Table I 


Composition of Basal Media* 


Cocstituests 

l^tiabzdUus 
arsiinczus 
{Schweuert etd, 
(2i)) 

SUtfiiC3CC%5 

fzicsHx 

(Cxes^uc el d. 
(i5)) 

Lacmtiic 
aesenierciiex 
CDuiui el d. 

I (15)) 


mt. 

nz. fer luie 

mz.ierluU 

Amino acidat 




Oxidized casein hydrolysatet 

20 (0.2 ml.) 

1 so (0.5 ml.) 

so (0.5 ml.) 

i(+)-Glutamie acid 

4 

4 

4 

i-Asparagine 

4 

4 

4 

l(+)-l<ysine monohydrocUoride 

2 

2 

1 2 

+ H.0 




d?-Threonine 

2 

2 

2 

di-Valine 

1 2 

2 

O 

di-Isoleucino 

' 2 

2 

2 

di-Aianine 

2 

1 

2 

Z(— )-Cyatine 

1 

2 

o 

dJ-Leucine5 

2 

2 

o 

d!-Pheny!alanine 

I 

1 

1 

/(+)-Arginine hydrochloride 

0.5 

0.5 

1 

i(+)-Hiatidine hydrochloride + 

0.5 

0.5 

1 

HjO 




1(— )*Tyro8ine 

0.5 

1 

1 

di-Tryptophane 

0.5 

1 

1 

Glycine i 


0.2 

1 

dZ-Serine 

Z(— J-Proline | 


0.5 

2 

0.5 

dZ-Methionine* ] 

o 

1 

o 

Glucose 

200 

200 

200 

Sodium acetate 
“ citrate + H-0 

200 

250 

200 

Purines and pyrimidines 

(O.Iml.) j 

1 

S^me as L. 
arabirwsus 

Same aa 
arabinosus 

Adenine sulfate -1- 2H;0 

0.1 1 

t$ t( 

ft tt 

Guanine hydrochloride + 211^ 

0.1 

<( (( 

It i< 

Uracil 

0.1 

<< tt 

tt tt 

Xanthine 


0.1 (0,1 ml.) j 

0.1 (0.1 ml.) 

Salts A 

(0.05 ml.) 


Same as L. 
arohinotus 

KHjPOr 

5 


tt tt 

KjHPO. 

5 

so (0.1 ml.) 

tt tt 

Salta B 

(0.05 ml.) 

Same as L. : 
arahinoszis 

tt tt 

MgSOt-TH.O 

2 

« tt 

it tt 

XaCl 

0.1 

« it 

tt tt 

FeSO.-7HiO 

0.1 

It << 

tt tt 

MnSOj'-iHjO 

0.1 

tt tt 

it tt 
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Tad LB I — Concluded 


Coostituents 

taciob<icsltus 
arjhitwsus 
(Schweigert tt aJ» 
(22)) 

Sutplicoccut 
jitedit 
(Greenbut tl al. 
(15)) 

UuunsslH 

metnkreidts 

(Dunn el a), 

m 

B-vitarains 

y lobi 

(0.1 ml.) 

ml. ptr tuit 
Same aa L. 

m[. p<r luit 

Same aa L. 

Thiamine hydrochloride 

5 

arabinoaus 

it it 

arabinosus 

It 11 

Riboflavin 

6 

tl It 



Niacin 

10 

It tt 

tt 


dZ-Calcium pantothenate 

5 

If ff 

11 


Pyridoxamine dihydrochloride 

12 

tt If 



Pyrido.xine hydrochloride 

SO 

If If 



p-Aminobenaoio acid 

5 

If If 



Biotin 

0.01 




Folic acid 

0.1 

tt tt 



Choline chloride || 

25 

tl tt 

If 


i-Inoaitol|| 

25 

tt It 




Stock solutions were prepared in the concentrations indicated above. Several 
ml. of HCl and HiSOi wore added to Salts B to prevent precipitation. The purines 
and pyrimidines were dissolved in hot HCl. Xanthine was dissolved in NHiOH. 
The B vitamins were dissolved by heating in water. New vitamin solutions were 
prepared every month. Convenient volumes for all solutions were 500 ml. They 
were stored under toluene in a refrigerator. The amino acids were ground with a 
mortar and pestle and dissolved in a few ml. of dilute HCl prior to each assay. 

* Methionine is omitted. The numbers in parentheses refer to the volumes of 
stock solution used. 

t Based upon_ inactivity of the unnatural d isomers. 

t Prepared as described in te.\t; used in place of synthetic amino acids when cys- 
tine and tryptophane are added. Proline should also bo used for Leuconosloc mesen- 
teroides. 

§ Preferable to Z(-l-)-lcucine. Must be free of methionine as is indicated in the 
text. 

II Not absolutely essential in the medium. 

thiorune as a standard was justified. The i-methionine activity of several 
related compounds is shown in Table II. 

All samples used in this study were ground and thoroughly mi-xed to 
assure homogeneity prior to analysis for nitrogen and methionine. The 
meat samples were stored in a refrigerator at —4°. 

The protein samples were hydrolyzed in the autoclave tvith 2 N HCl at 
15 pounds pressure for 5 to 10 hours. The assay values did not increase 
when the strength of the acid was increased. The rate of liberation of 
methionine is compared with the a-amino nitrogen liberation (micro 
nitrous acid method of Van Slyke) in Figs. 2, 3, and 4. 

The assay procedure is similar to that reported by Schweigert et al. (22). 
Typical results obtained mth different assay levels and with the three 
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Fia. 1. Typical methionine standard curvea obtained with Lactdbactllia arabtno- 
sut 17-5, Sluptoeoceui faccalia K, and Leucmioaioc meaenUroides PD-CfO. 


Tabls II 

l(—)-ifelhtontne Aelivilt/ of Varwua Compounds and Leucine Conlaminalion Tested 
mth Lactobacillus arabinoaus 


Coapousd* 

Fet cestt Activity 

dl-Methionine 

49.5 

d (-f ) -Me thionine 

0.1 

di-Homocystine 

0,05 

“ + choline chloride j 

0.03 

Z(— l-Cystine j 

0.0 

l(+)-Cysteine j 

0.0 

Glutathione 

0.0 

f(-f)-Leucine (different sources) 


Sample 1 ; 

2.1 

“ 2 

2 0 

" 3 

0.2 

“ 4 

0.2 

dM.eucine (different sources) 


Sample 1 

0.2 

** 2 

0.03 

“ 3 

0.05 

“ 4 

0 0{ 


* Assajed at leicla of 0.5 to 5 mg per tube. 

t Average of two assays. ’ 

t All valuea are based upon this sample of df-leucine, which was used in the basal 
medium. 
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Fio. 2. EEfect of time of hydrolysis on the rate of methionine, and a-amino nitro- 
gen liberation in casein. 0.3 gm. samples were autoclaved with 2 a HCl. 



Fia. 3. Effect of time of hydrolysis on the rate of methionine, and a-amino nitrO' 
gen liberation in pork muscle. 1 gm. samples were autoclaved with 2 n HCl. 
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Flo. 4. Effect of time of hydrolysis on the rate of methionine and o-amino nitro 
gen liberation in raw soy bean oil meal. 1 gm. samples were autoclaved with 2 x 
HCl. 


Table III 


l-Methionine Content of Soy Bean Oil Meal Determined at Different Assay Levels tcith 
Three Different Organisms 


Asiouat 

o{ 

siaplc 

Added 

lube 

LofUhadUiks creiitujus 

SUtptweau /cffclit 

Lcitccujtlac muenUrstiix 

0.1 K 
NaOH 

titTAtioa 

1-Me- 

thionin« 

per 

tube 

/•Methio* 
&l&e la 
sAiaple 

i =* 

'c a 

■s*® 

C o 
S'a 

P 

04 H 
NaOH 

lilTA- 

tioa 

/-Me- 

Uuomce 

tube 

/-Metbio- 
abe b 
uaple 

v 

ll 
** 2 

“B, 

c'O 

1- 

04 jr 
NiOH 
UUAtioa 

/-Me- 

tbicabe 

tube 

/-Metblo- 
eise ia 
uspie 

■g 

sd. 

T 


mg. 

m2. 

n 

fer ctfU 

mg. 

ni. 

7 

per u»S 


1.82 

1.9 

0.76 

0.5 

4.30 


O.SQ 

1^9 

4.45 

3.9 

0.78 

BIS 

4.50 

4.2 

0.81 

1.0 

5.90 

8.2 

0.82 

1.0 

6.25 

7.9 

0.79 


7.52 

8.3 

0.60 

2.0 

8.05 

16.3 

0.81 

2.0 

8.40 

15.9 

O.SO 

1.5 

10.05 

12,2 

0.81 

Iwl 

9.03 

24.6 

0.81 

3.0 

9.60 

24.9 

0.S3 

2.0 

11.55 

16.3 

0.81 

4.0 

9.50 

32.0 

O.SO 

4.0 

10.05 

32.6 

O.Sl 

2.5 



0.83 

m 

9.80 

38.0 

0.76 

o.O 

10.30 

41.0 

0.81 

Average 



O.SO-f 


0.81-r 


different organisms are shown in Tables III and IV. The methionine con- 
tent of some proteins and foodstuffs is shown in Tabic V. 
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DISCUSSION AND RESULTS 

The standard curves obtained with Lactobacillus arahinosus, Slrefto- 
coccus faecalis, and Lcuconostoc mcsentcroides indicate that all three or- 
ganisms can be used for the assay of methionine. The maximum grow-th 
obtained vith Lactobacillus arabinostis is greater than that with the other 
two organisms and is similar to the growth obtained by Shankraan el al. 
(9) and Schweigert et al. (22) with other amino acids. It is of interest to 
note greater growth response to smaller amounts of methionine when Lacis- 
bacillus arabinosus was used as the test organism. A suitable assay range 

Table IV 

Reproducibilily of l-Methioninc Content Determined with Different Organisms* 


Per cent /-MethioDine 



Ldctohniiltus 

ctahinoiui 

Sinptocjccus 

fittcaJii 

Ltucaiuike 

mestnUnidu 

Aisxy No. 

Aisay No. 

May Ko. 

1 

2 

3 

Aver. 

age 

1 

2 

Aver. 

age 

1 

2 

Aver. 

Proteins 

Casein 

SB 

M 

3.15 

3.14 



3.1 

Si 


3.15 


Egg albumin 



ItHTti 




3.17 

3.33 


3.41 


Gelatin 

1.05 

0.99 

1.10 

iWlH 

IIB 


npH 

umi 




Pepsin 

1.40 

1.32 

1,46 

1.39 

1.55 

1.35 

1.45 

1.52 

1.48 


Foodstutfs 

Pork muscle 

0.05 

0.60 

0.69 

0.65 

0.64 

0.60 

0.62 

0.62 

0.72 

0.67 


“ liver 

0.65 

0.58 

0.60 

0.58 

0.58 

0.60 

0.59 

0.61 

0.59 

0.60 


Soy bean oil meal 

0.81 

0.80 

0.75 

0.79 

0.75 

0.80 

0.77 

0.75 

0.81 

0.78 


Brewers’ yeast, dried 

0.90 

0.85 

0.8 S 

0.88 

o.so 

0.85 

0.82 

0.87 

0.83 

0.85 


* The assays with each organism were made on two difforent hydrolysates of the 
samples. Assay 1 with Lactobacillus arabinosus was made by the use of a medium 
which contained oxidized casein plus tryptophane and cystine. In all of the other 
assays synthetic amino acids were used in the medium. 

with this organism is from 0 to 20 y of f-methionine per tube, as compared to 
0 to 50 7 with Streptococcus faecalis and Leuconostoc mesenteroides. 

The acid production with Streptococcus faecalis was approximately ttsice 
that obtained by Stokes et al. (16) ; the higher percentage of glucose and 
the use of citrate buffer rather than acetate in the present study probably 
account for this difference. Stokes, however, indicated that additional 
glucose would not increase the acid production- appreciably. Previous 
work in this laboratory by Teply and Elvehjem (23), confirmed by the 
present workers, showed that the acid production obtained with Strepto- 
coccus faecalis is greater when citrate is used as the buffer instead of acetate. 

In the early work with Streptococcus faecalis, many of the methionine 
standard curves showed irregularities in the middle portion of the curve. 
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Similar results were reported by Stokes in the development of the method 
for lysine with the same organism, although no difficulty with methionine 
was reported. These workers indicated that increasing the levels of the 


Table V 

Methionine Content of Proteins and Foodstuffs 



Per cent 
nitroaa* 
(Kiel- 
diM) 

Per cat 
f-iletluo- 

Per ceat 

size m 
proteia« 

Percest 

CLCthld’ 

b1s«K 
ia pro 
teiaK 

VUuala 

MliTO. 

iol, 

lad 

Cazcis 

(16) 

Ucen.csre 

Cbea- 

SeSax 

Proteins 

Casein 

H.2 

3.13 

3.40 

1.99 

2.6§ 

3.5{ 


Lactalbumin 

15.3 

2.48 


1.52 


2.8t 


Egg albumin 

11.6 

3,21 


2.60 

4.15 

5.0t 


Fibrin (beef blood) 

14.4 

2.37 

2.64 

1.53 


2.6t 


Gelatin 

16.3 

1.04 

1.02 

0.66 

0.595 

i.ot 


Keratin (beef toea) 

14.7 

1.08 

1.13 

0.63 




Pepsin 

13.0 

1.45 

1.54 

0.90 


l.St 


Wheat gluten 

13.2 

1.56 

1.83 

l.IO 




“ gliadin 

13.7 

1.56 

1.83 

1.07 


1.5t 


Edestin 

15.7 

2.33 

2.40 

1.41 


I.9t 

Foodstuffs 

Pork muscle 

2.96 

0.56 

3.03 

1.78 


3.0t 


“ liver 

2.45 

0.59 

3.86 

2.26 




Beef heart 

2.90 

0.56 

3.09 

1.82 


3.2t 


" kidney 

2.32 

0.28 

1.93 

1.13 


2.8t 


“ brain 

1.61 

0.26 

2.55 

1.49 


3.0t 


Condensed fish 

3.42 

0.38 

1.77 

1.39 




solubles 








Soy bean oil meal 

7.03 

0.78 

1,77 

1.31 

o.sit 

I-9t 


Linseed “ " 

6.10 

0.81 

2.20 

1.29 

0.81t 

3.0t 


Alfalfa 

2.36 

0.21 

1.43 

0.S4 

0.15{ 



Wheat 

2.00 

0.32 

2.53 

1.43 

l.OOJ 

3.0J 


Rolled oats 

1.40 

0.36 

4.12 

2.40 




Yellow corn 

1.34 

0.30 

3.57 

2.09 




White “ 

1.37 

0.26 

2. 93 

1.75 




Brewers’ yeast, dried 

9.00 

0.85 

1.51 

0.89 

1.37t 

1.37t 


• Average of two detemunationa. 
t Average of three or more assays, 
t Calculated to 16 per cent N. 

S Per cent in dried material. 

purine bases and vitamins eliminated the irregularities. The difficulties 
were eliminated in our work when the levels of some of the vitamins were 
increased and when pyrido.tamine was used in the basal medium (25). 

The typical standard ciuwe obtained with Letucnostoc meseniavides was 
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Similar to that of Slreplococcus faccalis. When an acid hydrolysate of oxi- 
dized casein (26) plus added cystine and tryptophane was substituted for 
crystalhne ammo acids m the basal medium, the growth response was simi- 
lar to that obtained witli the synthetic medium for Lactobacillus arahinom 
and Streptococcus faccalis. The response with Leuconostoc mesenkroides 
was not uniform until proline was also added to the hydrolysate 
The methionine standard curves that have been reported by'other ia- 
vestigators with various organisms (15-17) show rather high acid produc- 
tion when metluonine is omitted from the medium. Several of these 
workers used Z(+)-leucine instead of synthetic dMeueme in their basal 
media. It has been found that the commercial f(+)-leucine that has been 
used in this laboratory frequently contained some methionine. The me- 
thionine assay of several leucine samples (Table II) showed that di-leucine 
was generally free of methionine and was used, therefore, in our basal 
me Ja. Similar contamination of leucine by methionine has been noted 

^ described a chemical method of removing 

methionine from leucine. 

methionine activity of various compounds tested 
mth Lactobaallus arabinosus. The d isomer is practically inactive and dl- 
methionme is one-half as active as i(-)-methionine. Homocystine, a 
mixture of homocystine and choline, cystine, cysteine, and glutathione 
were devoid of methionine activity. Similar results were reported by 
Stokes et al. (16, 31) with Streptococcus faccalis. 

esults obtained with the studies on hydrolysis showed that methionine 
was ^ \ era at a more rapid rate than the total a-amino nitrogen from 
casein, Por - muscle, and soy bean oil meal. This increase may possibly 
? ^ ^ 1 ization by Lactobacillus arabinosus of peptides of methio- 

me w c 1 erated sooner than the amino acids per se. The libera- 

tion of methionine was essentially complete after 5 hours hydrolysis in the 
case o casein an pork muscle, but soy bean oil meal required about 10 
comp ete hydrolysis. Recoveries of methionine added before 
siflprprl 100.6 ± 5 per cent. Liberation at 24 hours was con- 

witli r>rpi° ^ ^ 1 , per cent. ^ Since no destruction of methionine occurred 
is Dfpfprrp^^^ general 10 hours hydrolysis 

used in this s'tudy^^'^^ ^laximum methionine liberation in all proteins 

hvdi-ovirlp hydrolysis is neutralized ivith sodium 

the as<?av v ° e-ssay, the effect of sodium chloride concentration on 
coneSynnrS y effects Were noted at the 

hiahTt It ^ neutralized hydrolysates. However, 

d?«d acTdTn r’ '■‘t"’®- »U«ride^=r tube) cau».d 

pro uction mth Lactobacillus arabinosus and Streptococcus 
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faecalis. No inhibitory efiecta were observed with LeucoTWitoc mesen- 
teroidea at salt concentrations up to 40 mg. per tube. Tius is in agreement 
with the results of Dunn et al. (17). The ma.-dmuin amount that was 
present in the protein hydrol^ates in this study was 1.5 mg. of sodium 
chloride per tube, which is well below the inhibitory level. 

Good agreement in the methionine content of natural materials was 
obtained with different assay levels with each of the three organisms. The 
results obtained with soy bean oil meal are shown in Table III. Recoveries 
obtained with all three organisms at the different assay levels averaged 
99.6 per cent, with most values occurring within a 10 per cent range. 
Consistent values were also obtained upon repeated assay with the three 
organisms (Table IV). 

The average methionine content of a number of proteins and natural 
foodstuffs is shorvn in Table V. These values are compared with those 
reported by Stokes and Gunness (16) and those summarised by Block and 
Bolling (28, 29). In general our values are slightly higher than the micro- 
biological results of Stokes with the same proteins and lower than many of 
the chemically determined values summarized by Block and Bolling (28). 
The per cent methionine (calculated to 16 per cent nitrogen for the purpose 
of comparison with literature values) in casein, kctalbumin, and egg al- 
bumin, for which many literature values are available, according to our 
results are 3.40, 2.59, and 4.43. The values as summarized by Block (28) 
are 3.5, 2.8, and 5.0 for the same proteins, respectively. The methionine 
content of the piuified proteins ranged from 1.02 in gelatin to 4.43 in egg 
albumin. Egg albumin has the highest methionine content of any material 
analyzed. Among the animal foodstuffs, pork liver was found to be the 
richest in methionine, while condensed fish solubles were lowest. Rolled 
oats had the highest methionine content among the foodstuffs of plant 
origin; alfalfa had the lowest. It is interesting to note that oats and com 
were richer than wheat in methionine content. It appears that methionine 
is quite widely distributed among vegetable and animal proteins. 

SUMM.^RY 

Satisfactory standard curves were obtained for methionine with sjuthetic 
amino acid media when Lactohacillus arabinosus 17-5, Slreplococcus faecalis 
R, and Leuconostoc mesenteraides PD-60 were used as the assay organisms. 
A hydrogen peroxide-treated casein hydrolj-sate was also used successfully. 

The methionine content of a number of purified proteins and natural 
foodstuffs has been determined. The reliability of the assay methods has 
been established by agreement of the results of different organisms with 
different assay levels of sample and repeated assay. Good recovery of 
methionine added prior to hydrcljuis of samples was obtained. The me- 
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thionine content of the proteins analyzed agreed satisfactorily with litera- 
ture values. 

Hydi'olysis studies show that methionine tends to be liberated faster 
than a-amino nitrogen in casein, pork muscle, and soy bean oil meal. 
Plydrolysis was complete after 5 hours autoclaving with 2 N HCl in the 
case of casein and pork muscle, and after 10 hours in the case of soy bean 
oil meal. 

The importance of using d/-leucinc or leucine samples free of metMonine 
in the basal medium is discussed. 
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THE CHROMATOGRAPHIC SEPARATION OF BILE ACIDS 
I. THE separation OF CHOLIC AND DESOXYCHOLIG ACID 

Br HENRYK SILBERJIAN and SOFIA SILBERMAN-MARTYNCEWA 
(From the Andrew's Laboratories, Sydney, Australia) 

(Received for publication. May 8, 1846) 

The physiological and industrial importance of cholic and desoxycholio 
acids, the two main constituents of the bile acids, makes very desirable a 
method for their qualitative separation and, if possible, for their quantita- 
tive determination. The difference in their solubilities in various solvents 
or of the solubilities of the salts used in their preparation (1) is not very 
marked and causes losses too large to allow more than a rough estimation of 
their quantities and necessitates relatively large amounts of the starting 
material for successful operation. 

The chromatographic analysis of these acids promised a successful 
separation. The difBculty of the method consists La the fact that the bile 
acids are colorless substances, and for the purpose of visual chromatographic 
separation they have to be converted into colored derivatives. 

In the case of the bile acids which contain hydro.vyl groups there is the 
possibility of converting them into colored compounds by esterifying the 
alcoholic OH groups by means of azoyl chloride (2). Although this method 
may prove successful, it seems to us more desirable to place the “chromo- 
phoric” group on the COOH group for the following reasons. (1) It is well 
known that the different OH groups of the bile acids react differently on 
esterification; so that without special precautions there may be formed 
partly esterified compounds in the case of the dihydroxyl and polyhydro.xyl 
compounds which would complicate the chromatographic picture. (2) 
By couphng the “chromophoric group” to the carbo.xyhc group, not only 
bile acids containing alcoholic hydro.xyl groups, but also acids devoid of 
them, like cholenic and polyenic acids, as well as the ketonic derivath'es, 
can be included in the scope of the method. (3) The alcoholic hydroxyl 
groups are known to cause strong adsorptivity of a compound (3), and 
therefore it is to be expected that mono-, di-, and polyhydroxyl compounds 
can be differentiated in the chromatogram of their mixture. 

As a suitable chromophoric reagent for the esterification of the COOH 
group we have chosen the u-bromo-p-methylasobenzene. This substance 
is relatively simple and, being a derivative of bensj'l bromide, possesses a 
highly reactive bromine atom which reacts under suitable conditions with 
the sodium salts of acids, giving a yield of S3 per cent or higher of the corre- 
sponding ester. 


3S8 



360 


SEPARATION OF BILE ACIDS. I 


co-Bromo-p-raethylazobenzene was prepared by Bums, McCombie, and 
Scarborough (4) by bronaination of 4-methylazobenzene but with very 
moderate yields. We found that this compound can be prepared with 
better yields and in a high state of purity by condensation of p-aminobenzyl 
alcohol with nitrosobenzene and the transformation of the hydroxymethyl 
compound into the corresponding bromine derivative by action of phospho- 
rus tribromide, as described in the experimental part. 

For the chromatographic separation of the colored esters we tried first 
activated alumina, silica gel, calcium carbonate, and magnesium carbonate. 
The two first were too active and did not allow a proper development of the 
chromatogram ; the thkd was too weak in its adsorptive properties. iMgCO) 
(a commercial preparation of the Corona Chemical Company, Sydney) 
proved a very satisfactory adsorbent for the colored esters dissolved in a 
mixture of benzene and petroleum ether (65-80°) 1:2, For the develop- 
ment of the chromatogram we first use a mixture of benzene and petroleum 
ether 1 : 1 and then pure ‘benzene. The ester of the cholic acid is adsorbed 
on top as an orange-colored band; the dcsoxycholic ester (if in mixture mth 
cholic acid ester) is placed below and is lighter in color. It is possible to 
develop a narrow, almost white, band between these two bands of esters 
and with some practice there is no difficulty in a fair separation of the two 
colored zones, provided that a properly packed column is used so that there 
are no excessive irregularities in the formation of the bands. 

5 per cent of cholic acid in dcsoxycholic acid and 10 per cent of desoxy- 
cholic acid in cholic acid can be easily discerned in the developed chro- 
matogram. 

At present we are engaged in extending this separation to a quantitative 
colorimetric determination of the proportions of the two acids present in the 
mixture and in the visual separation of the esters by using different chro- 
mophoric groups, e.p. C 6 Hs-N=N-C 6 H 4 -CO-CH 2 halide. 

EXPERIMENTAL 

w-Hydroxy-'p-methylazohemeiie — ^The condensation of p-aminobenzyl alco- 
hol with nitrosobenzene in alcoholic solution at room temperature proceeds 
very slowly and gives very low yields. The same condensation in acetic 
acid yields mostly a brick-red compound, of a very high melting point, 
which is sparingly soluble in the usual solvents and is not the expected 
azo compound. In a mixture of alcohol and acetic acid, however, the con- 
densation proceeds smoothly. 

5.85 gm. (0.055 mole) of nitrosobenzene are dissolved in a mixture of 40 
ml. of alcohol and 14 ml. of glacial acetic acid with careful heating to 40-50 . 
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The clear green solution is cooled to 15“ and 6,1 gm. of aminoben^l alcohol* 
are added with continuous shaking in she portions within 5 to 10 minutes. 
The solution turns reddish brown and the temperature rises to approxi- 
mately 40°. The mi.xture is shaken for an additional 15 to 20 minutes, 
when crystallization sets in and it is left for 3 days at room temperature. 
After standing for a day in a refrigerator, the crystals are filtered and 
pressed on a Buchner funnel. A further crop can be obtained by diluting 
the filtrate with water. After drying in air, the material is e.xtracted with 
warm ether in a continuous extractor (a brown insoluble material remains 
in the cone). The ethereal solution is evaporated to a small volume until 
an abundant crystallization sets in. An equal volume of petroleum ether 
(40-60°) is added, the mixture is cooled, and the orange crystals are filtered 
with suction and washed with a mixture of ether-petroleum ether. M.p. 
139-140.5“-, 8.2 gm. = 78 per cent of the theory. This material is pure 
enough for the ne.xt step. For analysis it was recrystallized from ether- 
petroleum ether (40-60°); m.p. 141.5“. 

26.42 mg. C.jHuONs-, 71.12 mg. CO,; 13.82 mg. H,0 

Calculated, C 73.59, H 5.66; found, C 73.41, H 5.85 

ta-Bromo-'p-methylazdbemen ^ — ^To 6.4 gm. of 4-hydro.xymethylazoben- 
zene (0.03 mole) suspended in 150 ml. of dry benzene, 3.2 gm. (120 per cent 
of the theory) of PBrj dissolved in 35 ml. of dry benzene are added within 

10 minutes in five equal portions with constant shaking. The orange-red 
solution turns dark and a flocculent precipitate settles on the walls. After 
standing -J hour at room temperature, with periodical shaking, the reaction 
mixture is decomposed by addition of water. The benzene is evaporated 
and the readue is extracted with small portions of ether until the last ex- 
tract is only sUghtly yellow in color. The ethereal e-xtracts are collected 
and evaporated to a very small volume. After addition of double the 
volume of a low boiling petroleum ether (40-60°) and standing in the refrig- 
erator, the crystals are filtered with suction and washed. Orange-yellow 
crystalline powder, m.p. 111-112“; yield, 6 gm, = 72 per cent of the 
theory. 

* p-Aminobenzyl alcohol was prepared according to Fischer and Fischer (5) with 
the following changes: After removing the azo and azoxy compounds, the filtrate was 
evaporated under reduced pressure {preferably in a CO, stream) and the solid residue 
was exhaustively e-xtracted with ether. The ethereal solution was dried over Na,SOj, 
the ether evaporated, and the dark brown residue distilled in taeiui. B.p. 169-171*, 

11 nun.; m.p. 64.5°. .After reco'stAhiiation from benzene, the melting point was 65°. 
Yield, 11 to 12 gm. = 63 to 75 per cent of the theory, from 20 gm. of p-nitrobeniyl 

alcohol (6). 

• We propose for this compound the term azyl bromide. 
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By a further recrystallizatiou from ether-petroleum ether the meltiug 
point can be raised to 114.5-115°. 

24.5 mg, gave 16.7 mg. of AgBr. 

CiiHiiNj Br. Calculated, Br 29.1; found, Br 29.0 

Preparation of Colored Esters of Cholic and Desoxycholic /Icids — ^To ahot 
solution of 1 gm. of w-bromo-p-methylazobenzene in 15 ml. of alcohol b 
added a hot solution of 1.4 gm. of sodium cholate (or 1.3 gm. of sodium 
deso.xycholate) (slightly less than the calculated amount) in 5 ml. of water 
and the homogeneous mixture is boiled under a reflu.x for G to 8 hours. The 
alcohol is removed under reduced pressure, and the residue is taken up with 
benzene and washed with water. After evaporation of the benzene layer 
under a vacuum, the residue is dried in vacuo over PjOj and paraffin. For 
the purification of the crude orange-red ester 100 mg. are dissolved inami-x- 
ture of benzene and petroleum ether (70-80°) 1:2 and passed through a 
column of 25 to 30 gm. of IMgCOj. The height of the filled portion is about 
2G to 28 cm., 15 ram. inside diameter. The IVIgCOj was dried for 1 to Ij 
hours at 120° and sifted to pass a 100 mesh screen but not a 150 mesh screen. 
The chromatogram was developed by washing with 100 ml. of a mixture of 
benzene-petroleum ether 1 ; 1 and 150 ml. of benzene. The cholic acid ester 
remained as an orange-colored band, 90 to 100 mm. long, at the top of the 
column. The deso.xycholic acid ester behaved similarly, but the color of 
the band was more yellow and the band from the same quantity of material 
was rather wider, 100 to 120 mm. S to 10 mg. of 4 -hydroxymethylazoben- 
zene‘(m.p. 140-140.5°) could be isolated from a yellow band which traveled 
down the column and could be easily separated from the acid esters by a 
wide white zone or washed into the filtrate. Into the first filtrate passed an 
unidentified red-colored material, approximately 5 mg. For the elution of 
the esters we used a mixture of alcohol and benzene 5:95. 

In the same way we separated mixtures (40 to 80 mg.) of cholic and des- 
o.xycholic esters in the proportions of 1:1, 1:5, 5:1, 1:10, and 10:1. 

In the developed chromatogram there was always an easily perceptible 
pale band on the border bet^veen the cholic and deso.xycholic esters. 

The chromatogram was eluted and the purity of the material separated 
was tested by the following procedm-e. The solution of the ester in alcohol 
containing benzene was evaporated under reduced pressure, the residue 
taken up in 1 to 1.5 ml. of alcohol, 1 to 2 drops of 50 per cent KOH were 
added, and the mixture was refluxed for 1 to 1^} hoius. Water was added 
and the alcohol was removed by repeated evaporation. The strong alka- 
line solution was acidified and the acids were redissolved by adding a solu- 
tion of Na-iCOa. The mixtm'e was extracted three to four times with ether, 
imtil the ether layer was colorless, freed from the dissolved ether by heating, 
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cooled, and acidified to Congo red. The separated acid was filtered and 
dried at 120° over PiOj at 8 to 10 mm. for 3 hours. The cholic acid fraction 
invariably had a melting point of 196-198°; that of deso.xycholic acid was 
171-172° (checked as the acetic acid-choleic acid, m.p. 142°). 

For the purpose of the chromatographic analysis it is not necessary to 
submit the crude mixture after esterification to any purification, as the 
esters of the cholic and deso.xycholic acids are much more strongly adsorbed 
on ISIgCOj than are the contaminants. The contaminants travel down the. 
column or pass into the filtrate. 


SUMUABY 

Cholic and dffio.xycholic acids were transformed into colored esters by 
permitting their sodium salts to react with u-bromo-p-methylazobenzene. 

The yellow- to orange-colored esters were separated in a chromatogram 
by adsorption on magnesium carbonate. 

The orange-colored cholic acid ester is more strongly adsorbed and is 
separated in the developed chromatogram from the fighter colored 
deso.xycholic acid ester by a white band. 
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PARTML OXIDATION OF HYODESOXYCHOLIC ACID* 
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(Received for publication, June 17, 1916) 

In the course of experiments leading to the synthesis of various steroid 
hormones it became desirable to study the use of a 6-hydroxy bile acid as an 
intennediate for the introduction of unsaturation ot to a ketone group at Cj. 
This reaction had previously been described by Alarker and Krueger (1) 
who prepared progesterone from 3,6-diacetoxy-20-ketopregnane. None of 
the intermediates were isolated and the authors made no mention of the 
yield obtained. Several e.xperiments were carried out, therefore, on the 
hydrolysis of methyl diacetoxyhyodesoxycholate with from 0.05 to 0.15 x 
NaOH in 85 per cent ethanol. These failed to reveal any evidence for 
differential hydrolysis of the acetoxy groups. 

In general a hydroxyl group at position 3 in the steroid nucleus is more 
resistant to oxidative attack by CrOj than a hydroxyl group attached to 
Rings B or C. Thus the hydroxyl groups of cholic acid are dehydrogenated 
by CrOi in the order C?, Cu, Cj (2-4); the Cs-OH group of hyodeso.xycholio 
acid is more readily oxidized than the CrOH (5); and a hydroxyl group at 
Cu is more easily o.xidized than the CrOH (6, 7). However, a similar 
generalization cannot be made for other oxidizing agents. In particular 
the useful method of Oppenauer (8), in which an alcohol is dehydrogenated 
to the carbonyl derivative by an aluminum alcoholate in the presence of a 
hydrogen acceptor such as acetone or cyclohexanone, when applied to 
saturated polyhydro.xy steroids results in preferential dehydrogenation of 
the Crhydro.xyl. Thus methyl cholate (9), methyl desoxycholate (9), 
3(o:),20(a)-pregnandiol,' 3,7-dihydroxy-12-aceto\y-20-ketopregnane (10), 
and 3 , 12-dihydroxy-20-keto-21-acetoxypregnane (11) jneld the 3-keto 
derivative upon Oppenauer oxidation. The o.xidation of the Crhydroxyl is, 
of course, much more readily and completely accomplished uhen a double 
bond is in the vicinity and with such compounds partial o.xidation is possible 
even when the other OH group is primary (11). The ease of oxidation of 
the Cj-OH is explicable in steric terms, since the Cj-hydroxyl in either a or 
3 configmation can easily form the intermediate alcoholate, whereas the 

•The work reported here was supported in part by a grant from Memorial Hospital, 
for which we wish to express our thanks. We wish also to express our appreciation 
of a generous gift of hyodesoxycholic acid from Dr. David Klein, The Wilson 
Laboratories, Chicago. 

‘Gallagher, T. F., unpublished observation. 
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other nuclear hydroxyl groups are hindered by the folding of the fused ring 
system and its substituents. A single exception to this conclusion appeared 
possible in the case of a hydroxyl group at Ce. An OH group at this posi- 
tion is less hindered than others attached to Rings B or C, and might be 
oxidized by Oppenauer’s procedure. A preliminary experiment in which 
methyl hyodesoxycholate in benzene solution was heated under a reflu.x 
with aluminum t-butoxide and cyclohexanone for 15 hours led to the isola- 
tion of methyl 3 ,6-dike toallocholanate, indicating that the 6-hydroxyl group 
could be oxidized by this method and that in the course of the reaction isom- 
erization of the cholane structure to the sterically more favorable allocho- 
lane derivative had taken place. It was desirable then to determine 
whether there existed a difference in the rate of oxidation of the hydroxyl 
groups at positions 3 and 6 sufficient for the isolation of the partially oxidized 
monoketohydro.xj'’ acid. 

The Oppenauer oxidation of methyl hyodesoxycholate was investigated 
and it was possible to isolate the hitherto undescribed S-keto-G-hydroxycho- 
lanic acid from the reaction products. With this material in hand the 
partial hydrolysis of methyl diacetoxyhyodeso.xycholate was reinvestigated 
and it was found possible to prepare 3-keto-6-hydroxycholanic acid by 
oxidation of the products of partial saponification. We were thus able to 
confirm the experience of Marker and I&ueger and establish that theCs- 
acetoxy group is more easily hydrolyzed than the Ce-acetoxy group, al- 
though the yields obtained were small. 

The initial aim of the investigation, namely the conversion of a 3-keto-6- 
hydroxy bile acid to the Q;,/?-unsaturated keto derivative was accomplished 
by heating methyl 3-keto-6-p-toluenesulfo.xycholanate with collidine. 
The product, methyl 3-keto-A^-cholenate, was obtained in good yield from 
the reaction. The tosyl ester is somewhat more stable than was expected, 
since 3 hours refluxing with pyridine resulted in the recovery of over 55 per 
cent of unchanged tosylate, 

EXPERIMENTAL' 

O'p'penauer Oxidation of Methyl Hyodesoxycholate — 5.54 gm. of methyl 
hyodesoxycholate^ (m.p. 108-110° after drying at 100° for 24 hours in a 

“All melting points are corrected. 

“Marker and Krueger (I) reported tlie melting point of this compound as SG® after 
crystallization from benzene. This product was undoubtedly a coordination com- 
pound with 1 mole of benzene, although correct analytical values were recorded. 
The air-dried product melts at 88-90° but is not clear up to 100°. If cooled slowly 
from 100°, the melt crystallized and on remelting softened at 120° and gave a clear 
melt at 123°. 48.7 mg. of the air-dried product after drying for 14 hours at 100° lost 
7.1 mg.; calculated for C:sH( 204 -Cj 7.8 mg. The unsolvated ester then melted 

at 110-112°, (aln = 4-7.2° (CHCU), and gave a correct analysis, CjsH4204, calculated, 
C 73.84 H 10.41; found, C 73.66, H 10.51 . 
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good vacuum) were dissolved in 50 ml. of anhydrous acetone and added to 
a solution of 6 gm. of aluminum t-butoxide in 200 ml. of diy benzene. The 
flask was stoppered and shaken at 40° i 1°. After 51 hours 25 ml. of 
acetone and 75 ml. of benzene were added and shaking continued at the 
same temperature for a total of 119 hours. The solution was diluted with 
ether and washed thoroughly with dilute H:50i and with water. After re- 
moval of the solvent, the residue was dried at room temperature in a good 
vacuum, dissolved in 50 ml. of anhydrous pyridine, and 10 gm. of succinic 
anhydride were added. The solution was stored at 40° for 17 hours and 
then heated to 90° for 30 minutes. After cooling to 0°, water was added, 
and after a short interval the solution was diluted with ether and thoroughly 
extracted \vith dilute H::SOi and with water. The ether solution was 
e-xtracted with 1 per cent NaOH and the alkaline e.xtracts were immediately 
acidified in a dilute H.S04-ice slurry. The ether solution was washed with 
water and the solvent removed. The residue weighed 1.68 gm. and is re- 
ferred to as the “non-alcoholic fraction.” The acidic fraction was extracted 
with ether, washed with water, esterified with diazomethane, and dried in a 
good vacuum at 45°. The product was separated into ketonic andnon- 
ketonic fractions by means of the Girard Reagent T (12). The non-ketonic 
fraction which weighed 2.87 gm. is referred to as the “non-ketonic alcoholic 
fraction.” The ketonic fraction was obtained by hydrolysis of the hydra- 
zone with 0.2 N H^04 on standing overnight at room temperature and 
extraction with ether. This is referred to as the “ketonic alcoholic frac- 
tion.” 

The non-ketonic alcoholic fraction was hydrolyzed with 0.5 N NaOH for 
30 minutes at room temperature and, after removal of a small neutral 
fraction by extraction with ether, the acid was obtained by acidification 
and e.xtraction with ether. The acid was esterified with diazomethane and 
crystallized from benzene. 1.27 gm. of methyl hyodesoxycholate (m. 
p. 110-112°; no depression when admixed with an authenic sample) 
were obtained together udth 0.69 gm. of amorphous material which could 
not be crystallized even after acetylation and chromatographic separation. 

Methyl S ,6-DiMoaUochalan(Ue — The non-alcoholic fraction (1.68 gm.) 
was hydrolyzed at room temperature with 0.5 N NaOH. 67 mg. of neutral 
material were obtained by extraction with ether. The acid fraction was 
esterified with diazomethane and was purified by chromatographic separa- 
tion on .AljOj. 580 mg. of crystalline product were obtained which upon 
recrystallization from ethyl acetate-petroleum ether yielded 419 mg., m.p. 
147-149°; [a]|* = -f 0.5° (CHCh)- The product gave no depression on 
admixture with an authentic sample of methyl 3,6-diketoallocholanate 
(m.p. 149.5-151°). No additional crystalline material was obtained upon 
further chromatographic separation. 
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S-Keto-d-hydroxyclwlanic Acid — ^The ketonic-alcoholic fraction was hy- 
drolyzed at room temperature for 30 minutes with 0.35 N aqueous alcoholic 
NaOH. 76 mg. of neutral material were e.\tracted with ether. The acid 
fraction, weighing 1.77 gm., was crystallized from ethyl acetate and 965 
mg., m.p. 172-177°, were obtained in two crops. After recrystallizatiqn 
once from ethyl acetate and three times from acetone the compound formed 
clusters of plates of constant melting point, 201-202°, with preliminaiy 
sintering at 198°; [a]“ = -fl3.7° (acetone). 

Ci4His 04. Calculated, C 73.81, H 9.81 ; found, C 73.66, H 10.03 

Neither the methyl ester nor the methyl ester acetate of this compound 
could be obtained in crystalline state. 

Methyl S-Keto-d-p-toluenesvlfoxycholaTiate — 337 mg. of 3-keto-6-hydroxy- 
cholanic acid were esterified with diazomethane, dried, and dissolved in 
pyridine. Approximately 2 gm. of freshly redistilled p-toluenesulfonyl 
chloride were added and the solution allowed to stand overnight. A small 
amount of water was added to the chilled solution and after a short time the 
solution was diluted with ethylene dichloride and with water. The aqueous 
portion was reextracted four times ■ndth fresh portions of ethylene dichlo- 
ride; these were combined and washed with dilute acid, dilute base, and with 
water. After removal of the solvent the product was crystallized from 
ethyl acetate and three crops, weighing 300 mg. and melting at 173-183° 
with decomposition, were obtained. Reciystallization from ethyl acetate 
yielded rectangular prisms, m.p. 189-190° (\vith decomposition); [a] =“ 
-b8.9° (CHCh). 

CjiHmO.S. Calculated, C 68.79, H 8.30, S 5.74; found, C 69.10, H 8.47, S 5.55 

Methyl S{a)-p-iolucnesulfoxy-6-hetoallocholanate was prepared for com- 
parison with the preceding product by a similar procedure. It crystallized 
from ether as long needles, m.p. 133.5-134.5°; [a]“ = —5.3° (CHCh). 

Ca;H«0,S. Calculated, C 68.79, H 8.30, S 5.74; found, C 68.66, H 8.11, S 5.71 

A mixture with methyl 3-keto-6-p-toluenesulfoxycholanate melted from 
118°. 

Methyl 3-Keto-M-cholencUe — 275 mg. of methyl 3-keto-6-p-toluenesulfoxy- 
cholanate were heated under a reflux for 4 hours in 5 ml. of redistilled colli- 
dine. The solution was poured in ether and water, washed with dilute 
acid, dilute base, and ivith water, and after drying over NaiSO^ the solvent 
was removed. The slightly yellow crystalline residue weighed 204 mg. and 
was purified by chromatographic adsorption. After recrystallization from 
petroleum ether 150 mg. of prisms were obtained which melted at 124r- 
125°; tjiio = 16,800. Schoenheimer and Berliner (13) record a melting 
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point of 125° for the compound. Alkaline hydrolysis at room temperature 
yielded the free acid, m.p. 187°. Schoenheimer and Berliner (13) record 
a melting point of 185-186° for tins compound. 

317 mg. of methyl 3-keto-6-p-toluenesulfoxychoIanate were heated \mder 
a reflux for 3 hours with 10 ml. of redistilled pyridine. The product was 
isolated as described above and yielded 168 mg. of unchanged to^late 
together with 34 mg. of methyl 3-keto-A‘-cholenate (melting point and 
molecular extinction coefflcient). 

223 mg. of methyl S-ketn-O-p-toluenesulfoxychoIanate were dissolved in 
5 ml. of acetonylacetone and heated rmder a reflux for 50 minutes with 234 
mg. of so<hum iodide. The solution was cooled and filtered, and the pre- 
cipitate was washed with acetone and, after drying at 100° in a good vac- 
uum, weighed 64 mg. The acetone was removed from the filtrate by 
distillation and the residue was dissolved in ether and washed thoroughly 
with water. There was considerable emulsification. The ether was re- 
moved and the residue was dissolved in 10 ml. of glacial acetic acid and 
heated vmder a reflux with 1 gm. of zinc dust for 2| hours. The zinc was 
filtered o5 and washed with alcohol and the filtrate was evaporated to dry- 
ness. The readue after esterification with diazomethane was purified by 
chromatographic separation on AliOj. 98 mg. of a crystalline product, 
m.p. 109-111°, were obtained. Tlus was hydrolyzed at room temperature 
witt 0.5 N NaOH and the acid obtained was crystallized from ethyl acetate- 
petroleum ether. The product melted at 182-185° and had a typical ultra- 
violet absorption spectrum; e-to = 19,000. It did not depress the melt- 
ing point of an authentic sample of 3-keto-A^-cholenic acid but when mixed 
with a sample of 3-ketoallocholanio acid (m.p. 182°) the melting point was 
depressed to 167°. 

Preparalion of S-Kelo-6-hydTOxycholanic Acid hy Parlial Saponificaiion of 
Methyl Diacetoxyhyodesoxycholale — 606 mg. of methyl 3, 6-diace toxychola- 
nate (m.p. 99-101.5°) were dissolved in 20 ml. of methanol and 300 mg. of 
KsCOj in 5 ml. of water were added. The ester crystalfized but after 3 
hours at room temperature with intermittent shaking redissolved. The 
solution was stored at room temperature (22-25°) for 24 hours and the 
methanol removed imder diminished pressure at 25°. The solution was 
acidified under ether and extracted thoroughly. The ether solution was 
washed with water and the acid esterified with diazomethane. The 
resultant product was crystallized from benzene and 214 mg. of methyl 
hyodesoxycholate were obtained. The mother liquors on standing yielded 
an additional 20 mg. of the same compound. The amorphous residue 
weighed 276 mg. It was dissolved in 5 ml. of glacial acetic acid and 2.0 ml. 
of 3.3 N CrOj were added and the solution allowed to stand at room tempera- 
ture for 5 hours. The excess CrOj was reduced with sodium bisulfite and 
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the reaction product isolated by extraction with ether. The ester was 
separated by chromatographing on AI2O3. 35 mg. of methyl 3 , 6-diketoallo- 
cholanate were obtained which after recrystallization from petroleum ether 
melted at 146-148.5°; [«]“ = +2° (CHCI3). The compound gave no 
depression of the melting point on admixture with an authentic sample. 
The amorphous fraction from the chromatogram (86 mg.) after saponifica- 
tion at room temperature yielded 63 mg. of an acid melting at 193-197.5°. 
One recrystallization from acetone yielded plates, m.p. 202-203°, = 

4-14° (acetone), which gave no depression on admixture with an authentic 
sample of 3-keto-6-hydroxycholanic acid. 

SUMMARY 

1. Methyl hyodesoxycholate was converted to methyl 3-keto-6-hydroxy- 
cholanate by Oppenauer oxidation at 40°. 

2. Methyl 3-keto-A''-cholenate was prepared by heating methyl 3-keto-6- 
p-toluenesulfoxycholanate with collidine. 
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THE EFFECT OF THE SYNTHETIC PTEROYLGLUTAIvnC ACID 
ON THE FEATHERING OF CHICKENS 


Bt J. J. OLESON, B, L. HUTCHINGS, N. H. SLOANE 
{From the Lederle Laboratories, Inc., Pearl River, Hew York) 

(Received for publication, June 25, IWS) 

The effect of cereal grains on feathering of chickens has been recently 
reviewed by Sanford and WUcke (1). Hegsted el al. (2) showed the 
essential nature of certain amino acids to normal feather development. 
IHiUs et al. (3) demonstrated that the norit eluate factor of Hutchings el al. 
(4) promoted growth, feathering, and hemoglobin formation in chickens. 
Briggs el al. (5) believe that this fraction contains several factors, one of 
which is vitamin Bjo, the feathering factor. Campbell el al. (6) have 
preseated evidence of the feathering activity of vitamin Be. Recently, 
Angier el al. (7) reported the synthesis of the Laciobacillus casei factor. 
The feathering activity of the synthetic pteroylglutamic acid forms the 
basis of the present report. 


EXPERniENT.aL 

Day-old white Leghorn chicks were housed in groups of ten in heated 
batteries. Food and water were fed gd libilum. Diets were prepared at 
weekly intervals. 

The composition of Diet A is given in Table I. Diet B is identical ex- 
cept that p-aminobenzoic acid is omitted. Diet M is a commercial chick 
starter, fortified with 3 per cent each of dried liver cake, dried brewers’ 
yeast, and Cerophyl. 

The synthetic pteroylglutamic acid was dissolved in 0.05 x NaOH and 
added to the diets at the levels indicated. All other supplements were 
also added directly to the basal diets unless otherwise noted. 

The method of scoring the feathers is sunilar to that used by the Wisconsin 
workers. A score of 100 represents perfect feathering. The normal range 
is from 80 to 100. A score of 60 to 80 indicates a fairly good feather growth, 
but the feathers are of some-what inferior quality and are lacking in luster, 
A value of 50 or less indicates progressively poorer feather development. 
A very severe deficiency of the feathering factor is characterized by a 
score of 10 to 30. 


Resulls 

The results are summarized in Tables II to IV. The marked feathering 
effect of the pteroylglutamic acid is illustrated in Table II. It appears 
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that the amount necessary for maximum effect lies between 1.0 and 1.5 
mg. of the compound per kilo of diet. Amounts up to 6 mg. per kilo have 


Table I 

Compoailion of Diet A 


Ingtcdicnt j 

Ingtcdicnt 


ter ctnt 


mi. per tent 

Cerelose* 

63.0 

Niacinamide 

3.0 

Purified casein 

22.0 

Pyridoxine 

0.6 

Salts 

4.3 

Riboflavin 

0.6 

Calcium gluconate 

3.0 

Calcium pantothenate 

3.0 

Gelatin 

8.0 

Biotin 

0.03 

Ruffext 

4.0 

Inositol 

.... 100.0 

Soy bean oil 

5.0 

p-Aminobenzoic acid 

5.0 

Cholic acid 

0.25 

a-Tocopherol 

5.0 

Cystine 

0.45 

Menadione 

0.2 


mg. per cent 


unil$ 

Choline chloride 

200.0 

Vitamin A 

.... 3500 

Thifiinine “ 

0.3 i 

» TJ 

200 


1 


Orally once weekly, 7000 units of vitamin A, 400 units of vitamin D, 6 mg. of 
tocopherol, and 5 v of menadione in com oil. 

• Glucose monohydrate. 

t A purified cellulose containing 70 per cent a-cellulose and 30 per cent other 
celluloses (Fisher Scientific Company, Pittsburgh, Pennsylvania). 


Table II 

Effect of Pteroylglutamic Acid on Growth and Feathering in Chicks 


Diet 

Pteroylglutamic acid 
supplement per kilo 

Average weight* 
at 28 days 

Average feather score 

A 

mg. 

None 

gn», 

91 

24 

l« 

0.5 

161 

34 

<( 

1.0 

236 

49 

i4 

1.5 

261 

71 

it 

2.0 

269 

73 

II 

2.5 

242 

68 

II 

5.0 

226 

68 

M 

None 

289 

95 


• Values for the ten chicks alive in each group. 


not further improved feather development. Pteroylglutamic acid-de- 
ficient chicks have a very poor growth of thin, brittle feathers. The ad- 
dition of the synthetic compound produces very nearly normal feathering 
in most birds. 
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Since additional factors, as well as intestinal synthesis, are suggested to 
be involved in feather development (8), the experiments outlined in Tables 
III and IV were performed. 

The addition of p-aminobenzoic acid to Diet B gives little or no effect 
above that of the basal diet plus pteroylglutamic acid. Thus, p-amino- 
benzoic acid does not seem to be necessary for feather development in the 


Table III 

Effect oj Additional Supplements on Aclicily of Pteroylglutamic Acid 


Diet 

Supploacflt per kilo 

Avenpe weight 
and olive* 

ot 25 days 

K'texxgt* 

feather 

score 

B 

None 

ttn. 

9S (10) 

26 

tt 

3 mg. pteroylglutamic acid 


67 

tt 

3 ** ** “ + 20 mg. p-smino- 

277 (10) 

74 


benzoic acid 

3 mg. pteroylglutamic acid + SO mg. p-amino- 

305 (8) 

73 

« 

benzoic acid 

3 mg. pteroylglutamic acid + 20 mg. p-amino* 

236 (10) 

70 

It 

phenylacetic acid 

3 mg. pteroylglutamic acid d- 200 mg. thyroid 

248 (10) 

72 

M 

powder 

None 

295 (9) 

93 

A 

1.5 mg. pteroylglutamic acid 

266 (10) 

61 

It 

6.0 “ " “ 

249 (10) 

69 

<1 

6.0 “ “ “ +20mg./S-pyracin 

213 (10) 

62 

tt 

6.0 “ “ “ +20 “ ascorbic 

214 (10) 

67 

\ 

M 

acid (daily) 

None 

278 (10) 

93 

A 

4.0 mg. pteroylglutamic acid 

205 (9) 

70 

It 

4.0 “ “ *‘ + 5 gm. yeast nu- 

226 (10) 

79 

tt 

cleic acid 

4.0 mg. pteroylglutamic acid + 25 gm. yeast nu- 

221 (10) 

80 

tt 

cleic acid 

4.0 mg. pteroylglutamic acid + 100 gm. oats 

269 (10) 

82 

M 

None 

265 (10) 

88 


• Figures in parentheses. 


chick under the condition of our test. Additional e.xperiments outlined 
in Table UI demonstrate that little or no enhancement of the action of 
pteroylglutamic acid was obtained by addition to the diets of p-amino- 
phenylacetie acid, thyroid powder, ^-pyracin, ascorbic acid, yeast nucleic 
acid, pentanucleotides, or whole oats. 

The effect of adding several intestinal antiseptics to Diet B is noted in 
Table IV. The addition of carboxysulfathiazole, sulfamerazine, p,p'- 
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diaminobenzophenone, or gentian violet to the basal diet did not appear 
to modify the effects obtained mth pteroylglutamic acid. These results 

Table IV 


Effect of Intestinal Antiseptics on Activity of Pteroylglutamic Acid 


Diet 

Supplement pet kilo 

Average weight 
and No. alive* 
at 28 days 

Average 

feather 

score 

B 

None 

jm. 

94 (7) 

28 

it 

1.0 mg. pteroylglutamic acid 


72 

it 

2.0 “ “ “ 


79 

it 

6.0 “ “ “ 

273 (7) 

72 

A 

1.0 “ “ " 

236 (7) 

63 

it 

2.0 “ “ “ 

274 (8) 

79 

it 

6.0 “ “ “ 


65 

B 

0.7% carboxysulfathiazole 

114 (7) 

10 

it 

0.7% “ + 1.0 mg. pteroyl- 

283 (7) 

80 

ti 

glutamic acid 

0.7% carboxysulfathiazole + 2.0 mg. pteroyl- 

237 (7) 

71 

(< 

glutamic acid 

0.7% carboxysulfathiazole + 5.0 mg. pteroyl- 

297 (10) 

86 

M 

glutannic acid 

None 

288 (6) 

94 

B 

3.0 mg. pteroylglutamic acid 

253 (10) 

74 

a 

3.0 “ “ “ + 0.5% sulfa- 

188 (10) 

65 

*4 

merazine 

3.0 mg. pteroylglutamic acid -f 0.5% sulfamer- 

223 (9) 

78 

it 

azine + 200 mg. thyroid powder 

3.0 mg. pteroylglutamic acid -1- 200 mg. p,p'-di- 

259 (10) 

67 

it 

aminobenzophenone 

3.0 mg. pteroylglutamic acid -f- 0.2% gentian 

269 (10) 

60 

M 

violet 

None 

281 (10) 

92 


* Figures in parenthesis. 


Table V 



Individual Variation 

on Mash and Synthetic Diels 


Diet 

Supplement per kilo 

Individual scores 

Average 

M 

None 

90, 100, 90, 95, 95, 90, 80, 80, 90, 90 

90 

B 

4 mg. pteroylglutamic acid 

60, 25, 90, 90, 90, 90, 35, 80, 80, 70 

71 


would indicate that intestinal synthesis as a factor in normal feather de- 
velopment is of little or no significance. 
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DISCDSSION 

It should be noted that while the data show that the average feathering 
on the synthetic diets containing pteroylglutamic acid is slightly subnormal, 
this is not entirely true. On the mash Diet M, all chicks show uniformly 
well developed feathers, while the birds receiving the synthetic diet show 
a definite variation, with one or two individuals having low scores and thus 
decreasing the average of a group containing a majority in the normal 
range. The individual scores of two typical groups are shown in Table V. 
The average differences are not statistically significant in groups of the 
size used. 

Erom the data presented, pteroylglutamic acid can be conadered as an 
essential dietary factor for the normal growth of feathers in chickens. 

The effect of the pteroylglutamic acid is not lessened by the addition of 
certain intestinal antiseptics to the diet, thus indicating that intestinal 
synthesis of additional factors is not concerned in normal feather develop- 
ment. 

Supplementing the diet with factors that have been suggested as playing 
a rhle in chick nutrition, t.e. p-aminobenzoic acid and ascorbic acid, does 
not increase the activity of the pteroylglutamic acid. The addition of 
thyroid powder, yeast nucleic acid, or whole oats to a diet containing 
pteroylglutamic acid did not agnificantly increase the quantity or quality 
of feathers produced. 

SUMIIABT 

The synthetic pteroylglutamic acid is an essential dietary factor for the 
normal growth of feathers in chickens. 

The effect of the pteroylglutamic acid is not enhanced by the addition 
of a number of biologically active compounds and its effect is not modified 
by the incluaon of certain intestinal antiseptics in the basal diet. 
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LETTERS TO THE EDITORS 


THE DETERMINATION OF ASCORBIC ACID; A SIMPLI- 
FICATION OF THE ROE METHOD 

Sirs: 

To the present time no wholly satisfactory method has been developed 
for the determination of ascorbic acid.* The recent method of Roe et al.? 
however, seems to offer better possibilities than do the more common 
methods in that it depends on the formation of a dinitrophenylhydrazone 
which has a characteristic color. Interfering ketones and aldehydes in 



biological products appear to be of less consequence in the Roe method as 
modified by Peimey and Zilva’ than do reducing substances in the 2,6- 
dichlorophenol indophenol methods. 

*iVuJr. fleD., 2, 5S (1944). 

• Roe. J. H., and Kuether, C. .4., /. Biol. Chem., 147, 399 (1943). Roe, J.H. and 
Oesteriing, M. J., J. Biol. Chem., 152, 511 (1944). 

* Penney, J. R., and Zilva, S. S., Biochem.J., 39, 392 (1945). 
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A great deal would be gained in the Roe method by substituting for the 
85 per cent sulfuric acid, employed to develop the color, a solvent that would 
not tend to heat and char the solution. Such a solvent would have the 
added advantages that less care would be required to dissolve the derivative 
and that much time could be saved in this step. Moreover, the method 
would be better adapted to mass routine analysis. Preliminary expen- 
ments for such a solvent indicated that glacial acetic acid could be em- 
ployed to advantage. 

The results plotted in the figure compare the optical density at 540 mu 
obtained with 85 per cent sulfuric acid (Curve 1) and with glacial acetic acid 
(Curve 2). The fact that the reaction with acetic acid is only about half 
as sensitive as it is with 85 per cent sulfuric acid is of little importance. 

Preliminary experiments on lettuce, cabbage, and citrus fruits indicate 
that the modification is a great improvement in the method, as the solutions 
do not char even on long standing. ^\Ten sulfuric acid is employed on 
lettuce or cabbage, charring almost invariably occurs before the samples are 
ready to read in the colorimeter. 

The acetic acid may be added in bulk to the dinitrophenylhydrazone 
suspension by means of a “volustat” without the necessity of cooling the 
reaction mixture in an ice bath. Thus, large scale, routine analysis may be 
greatly speeded up by substituting acetic acid for sulfuric acid in the 
Roe method for the determination of ascorbic acid. 

Department of Nutrition A. Bolomet 

UniversitJj of Arizona A. K. Kemmerek 

Tucson 
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OXIDATION OF STEREOISOMEES OF THE INOSITOL 
GROUP BY ACETOBACTER SUBOXYDANS 


Sirs: 

The well known ability of Acelobacter auboxydatis to dehydrogenate 
polyhydroxy compounds to ketones is, in the case of meso-inositol, 
illustrated by the production of a monoketoinositol.'-* 

Experiments on the oxidation by this microorganism of several 
stereoisomers of the inositol group have revealed interesting steric influ- 
ences (see the table). Whereas Tneso-inositol, in accordance with previous 

Oxidation of Inositols by Acelobacter suboxydans 
The Warburg vessels in each experiment contained 0.5 cc. of the suspension of 
resting bacteria (about 20 mg., dry weight), 2 cc. of 1/15 m phosphate buffer of pH 
6.0, and 0.5 cc. of substrate solution. Tbe e-xperiments were carried out at 33“ 
in the presence of air. 


Substnu 

Qxysffi coawgaplioa, taoles per 
mole substrate 

Duration of 
oxygen uptake 


nurovuUs 



meso-Inositol 

6.6 

0.47, 0.50 



13.9 

0.50, 0.50 


Z-Inositol 

6.6 

1.01, 1.03, 1.00 


d-Inositol 

10.0 

1.00, 0.97,0.99 

50 

cpf-Inositol 

8.7 

0.51, 0.49 

10 

epi-Iuosose 

6.8 

0.25 

15 


13.4 

0.27, 0.27 

15 


17.7 

0.25, 0.26 

20 

Quebrachitol 

12.5 

0 


Pinitol 

7.8 

0 



findings,' consumed 0.5 mole of oxygen, the optically active isomers, 
f-inositol and d-inositol, required 1 mole. The naturally occurring mono- 
methyl ethers of the I and d isomers, quebrachitol and pinitol. were not 
dehydrogenated. 

It tvas found possible to demonstrate the formation of an a-dikelo 
derivative of inositol in solutions of i-inositol exposed to the action of 
Acelobacter at 30° for 10 to 14 days by the isolation of a phenylosazone, 
crystallizing from aqueous pyridine or alcohol in long yellow needles with a 
greenish sheen and melting (with decomposition) at 213-214°. Foimd, 

I Kluyver, A. J., and Boezaardt, A. G. J., Rec. Irav. chim. Pays-Bas, 68, 956 (1939). 

> Postemak, T., HeU. chim. acta, 24. 1015 (1941) ; 25, 746 (1942). 
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C 60.8, H 5.8, N 15.4; calculated for Ci8H2o04N4 (356.4), C 60.7, H 5.7, 
N 15.7. The vicinal position of the carbonyl groups was indicated by the 
consumption of 3 moles of periodic acid by the osazone. An osazone with 
similar properties was obtained, although in smaller 3 deld, from d-inositol. 

epf-Inosose’ (formed by the action of nitric acid on Tncso-inositol) and 
epf-inositol’ (obtained by the catalytic hydrogenation of epi-inosose) 
consumed 0.25 and 0.5 mole of oxygen respectively. The e.xamination of 
culture fluids containing epz-inositol led to the isolation (via its phenylhy- 
drazone) of a monoketo derivative of inositol, colorless needles which melted 
(with decomposition) at 198“, reduced Benedict’s solution in the cold, and 
exhibited a slight levorotation, [a]” = — 5 °. Found, C 40.4, H 5.7; 
calculated for CsHioOs (178.1), C 40.5, H 5.7. 

When the specific steric requirements for the occurrence and the e.xtent 
of oxidation are more clearly defined, this approach may become a useful 
tool in configurational studies on cyclitols. A detailed report on these 
experiments, which are being continued, will be presented later. 

Department of Biochemistry Erwin Cuarqaff 

College of Physicians and Surgeons Boris Maoasanik 

Columbia University 
New York 

Received for publication, July 16, 1946 


* Poaternak, T., Helv. chim. acta, 19, 1333 (1936) 




DETECTION OF BIOCHEMICAL MUTANTS 
OF mCROORGANISMS 


Sirs: 

Biochemical or nutritional mutants of microorganisms have many uses in 
biochemistry and in chemical genetics,* but their application to many 
specific problems has been limited by the effort that must be spent to obtain 
the specific mutants required in a given instance. The methods that have 
been described previously* may be summarized briefly as follows: 

Mutations are induced in a culture of the microorganism by any of a 
variety of agents, including x-radiation, ultraviolet light, and nitrogen mus- 
tard gas.* Even with the most efficient mutating agents, only a small 
fraction of the cells in the culture are mutants. In order to detect the 
mutants, numerous single spore or single colony isolations are made, and 
cultures are established and maintained on a richly supplemented or “com- 
plete” medium. Each culture is then tested for its ability to grow on the 
minimal medium. The occasional strains which lack this ability are classed 
as mutants, and their specific nutritional requirements may then be deter- 
mined. Since most of the cultures represent the original wild type, a great 
many tests must be made for the isolation of relatively few mutants, of 
which again, only certain ones may be of particular interest. 

The following procedure has been developed to facilitate the detection of 
biochemical mutants. It depends on selecting the unmutated cells by their 
ability to form large colonies on a minimal agar medium, and the detection 
of the residue of mutants by the subsequent addition of a multiple supple- 
ment which will then allow the mutants to proliferate. The method has 
been applied primarily to the detection of mutants m ultraviolet-treated 
Escherichia coli, but there is no apparent reason why it should not be 
equally applicable to any organism which forms compact colonies when 
grown on minimal agar medium. 

As applied to Escherichia coli, a minimal agar plate is poured in three 
layers, to the middle one of which 50 to 400 of the cells to be screened have 
been added while the agar was still liquid. The purpose of the stratification 
is to insure a uniform depth for all the colonies, to prevent spreading growth 
which is more liable to occur at a glass or air interface, and to keep the 

•Beadle, G. W., Chem. Res., 37. 15 (IMo). 

’ Beadle, G. W., and Tatum, E. L., Am. J. Bot., 33, 678 (1315). Gray, C. H., and 
Tatum, E. L., Proe. Nal. Acad. Sc., 30, 401 (1314). Roepke, R. R., Libby, R. L., 
Small, H. H., J. Sad., 43, 401 (1344). 

• Tatum, E. L., in Cold Spring Harbor sympoaia on quantitative biology. Cold 
Spring Harbor, in press (1346). 
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cells in a colony from contaminating the entire plate in the next step. The 
plates are incubated until the unmutated cells have developed into colonies 
of a convenient size (as experimentally determined). Then a layer of 
•‘complete” agar medium is poured on the surface of the plate. Growth 
factors diffusing through the agar reach the unproliferated mutant cells and 
pcimit their development into visible colonies. In E. coli, these colonies of 
mutant cells may be detected by their uniquely small size 6 to 24 hours 
after the “complete” medium has been added. The small colonies lare 
picked to complete medium, and retested for their ability to grow on mini- 
mal medium, to verify whether they are indeed mutants. In the case of 
E. coli, most, but not all, of the small colonies have been demonstrably 
mutants, but there are indications that highly unstable mutants occur, 
which revert readil}'' to the wild type.-* Such mutants would behave like 
the wild type subsequent to their initial isolation. 

The method has been .applied successfully to mi.xturcs of wild type and 
previously isolated mutants. It has, furthermore, been used to isolate a 
variety of biochemical mutants from x-ray and ultraviolet-treated E. coli, 
mcluding strains blocked at some pomt in the synthesis of proline, methio- 
nine, histidine, isoleucine, cystine, thiamine, or p-aminobenzoic acid. 

Osborn Botanical Laboratory Joshua Lederbeko* 

Yale University E. L. Tatum 

New Haven 

Received for publication, July 31, 1940 


* Ryan, F. J., and Lederberg, J., unpublished e.xperiments. 

® Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. 



BIOTIN AND AVIDIN INTAKE AND LIVER CHOLESTEROL 
Sirs: 

Feeding rats biotin with diets very low in cholesterol has been shown by 
Gavin and McHenrj'^ to give fatty livers containing 0.67 to 1.25 per cent 
cholesterol. VTien we fed adequate diets containing 1 per cent cholesterol, 


Lipid Content of Livers of Young Rats* 


Diclt 

CxUIcal io^edlexits 

No. 

of 

nts 

Fatty addt 

Totxl 

cliolfsUrolt 

Notes 

A 

B 

36% dried whole egg, no 
added biotin 

36% dried whole eggU + 
biotin (1.5 y per 10 gm. 
diet) 

8 

5.0- 6.5 

0.70-1.1 

Livers seem normal; 
deficiency! evi- 
dent in males only 


Sample I 


7.2- 7.25 

1.46-1.50 

Livers fatty 

C 

“ II 

10. S% dried egg white, 1% 
cholesterol, no biotin 


3.0-12.0 

2.31-2.33 

(( U 


1 mo. 

4 

7.2- 8.4 

0.90-0.93 

Livers seem normal ; 
beginning defi- 
ciency 


2 mos. 

3 

3.0- 3.2 

0.20-0.22 

Deficiency evident 
in all animals 

D 

10.8% dried egg white, 1% 
cholesterol, low biotin^ 

8 

3.2- 4.5 

0.34-0.45 

Deficiency! evident 
in males only 

E 

Controls ; 10.8% dried egg 
white, no cholesterol, 
low biotin U 

8 

2.5- 6.0 

0.26-0.50 

Deficiency not ob- 
vious 

F 

Controls; casein, 1% cho- 
lesterol, vitamins as in 
Biet D 

8 

10.3-13.0 

3.27-3.&i ' 

1 

Livers fatty 


* Equal numbers of males and females. 

t The diets furnished, per kilo, 0.5 gm. each of choline and inositol and 2 mg. of 
folic acid. They were fed for at least 60 days unless otherwise noted. 

JPer cent moist weight; ranges; livers from two rata pooled for each analysis. 

§ First symptom, loss of hair. 

li Two Sample II contained less avidin than Sample I. 

^ 0.4 -y per 10 gm. of diet for 5 weeks, then 1.5 y per 10 gm. for 7 weeks. 

liver cholesterol values varied from about 3 to 8 per cent. "We observed 
that when guinea pigs were given equal amounts of cholesterol (0.66 per 

* Gavin, G., and McHenry, E. W.,y. Biof. CAcm., Ill, 619 (1941). 
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cent) in egg yolk, in whole egg,® or with casein, those fed the whole egg ad 
about half the liver lipide found in the other groups. Feeding 2 7 of bictin 
per day with the casein-cholesterol diet doubled liver cholesterol valijes. 
This suggested that the avidin in the whole egg decreased storage of excess 
dietary cholesterol. | 

Further tests were made with rats. Diets adequate for growth ■\\ero 
made up with vitamin-free casein, fat, salts, sucrose, and crystalline vita- 
mins. Egg products, biotin, and cholesterol were incorporated in these 
diets as noted in the table. Cholesterol-fed rats with incipient biotin 
deficiency (Diets A, C, and D) stored no excess liver lipide, although they 
ate enough cholesterol-rich diet to gain weight normally up to the time of 
autopsy. Feeding small amounts of biotin (Diets B) or substitution of 
casein for egg white (Diet F) produced marked increases in liver cholesterol. 

These data indicate that biotin may be essential for deposition of excess 
dietary cholesterol in the liver. Avidin feeding, presumably by making 
biotin unavailable, prevents cholesterol accumulation and there is even 
some indication that it may help to remove cholesterol already deposited. 

. Cholesterol-fed rats given avidin for a sliort time have consistently more 
liver cholesterol than those fed for longer periods. Further work on this 
problem has been undertaken in cooperation with the division of Poultry' 
Research. 

Deparlmcnt of Home Economics Rurti Okey 

University of California 
Berkeley 

Received for publication, June 14, 1946 


*Tbe yolk of an egg is rich in biotin, but the white usually contains more than 
enough avidin to inactivate the yolk biotin. 



THE OXIDATION OF OCTANOATE BY NORMAL AND 
LEUCEmC MOUSE LIVER HOMOGENATES* 

Sirs: 

We have recently begun a study of enzyme systems in normal and leuce- 
mic mouse tissues, with particular emphasis on certain aspects of lipide 
metabolism. 

As a first approach we have employed the technique of Lehninger' in 
studying fatty acid o.vidation by liver homogenate systems. The mouse 
liver systems have been found to parallel rat liver in requiring adenosine 
triphosphate for octanoate oxidation. In order to obtain satisfactory Qo> 
values for mouse liver homogenates we have used one-half the substrate 
concentrations employed by Lehninger. In these e.xperimenta we have not 


Average Oxygen Uptakes 

45 minute period; approximately S5 mg. of fresh tissue per Warburg flask. The 
figures in parentheses represent the range. 



No. of 

CoapteU j 

Eadostzons 
ropintioa j 

( 1:0 substrate) 

Net apule 



miercHUrs 

mUfsliUfs 

nUraliurs 

Normal C-57 mice 


164 

82 

82 


■I 

(119-207) 

(41-102) 

(67-105) 

Normal C-68 mice 


205 

109 

96 


H 

(197-212) 

(102-112) 

(94-100) 

Leucemic C-58 mice 


37 

32 

5 


II 

(17-68) 

(13-64) 

(2.S-S.5) 


used malonate to inhibit the so called endogenous respiration, and our 
sj-stems have shomi a definite cytochrome requirement.' 

In the table are shown average oxygen uptakes for liver homogenate 
systems from seven normal mice of the C-57 Black strain,’ three non- 
leucemic an imals of the MacDowell C-58 strain, and seven leucemic C-58 
animals. 

The data present a similar picture whether calculated on a wet or dry 

* The authors wish to e.xpres3 their appreciation to Dr. E. C. ilacDowell of the 
Department of Genetics, Carnegie Institution, Cold Spring Harbor, Long Island, 
New York, for supplj-ing them with auimals from the valuable C-5S strain, which 
shows a very high incidence of spontaneous leucemia. 

* Lehninger, A. L., J. Biol. Chem., 167, 363 (1945); 161, 437 (1945). 

» Potter, V. R., J. Biol. Chem., 163, 437 (1916). 

» Animals from the C-57 Black strain were kindly supplied by Dr. Herman B. Chase 
of the Zoology Department of the University of Illinois. 
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weight basis. Four of the leucemic animals showed marked fatty infiltra- 
tion of the liver. A pathological study of the C-58 animals showed leucemic 
infiltrations in liver, lungs, kidneys, pancreas, and spleen and greatly 
enlarged lymph nodes in animals with leucemia. The non-leucemic C-58 
and the C-57 mice presented a normal clinical and histological picture. 

Studies of the anaerobic glycolysis of liver slices from the C-58 mice used 
in these experiments have provided some indication as to the extent of 
leucocyte hifiltration in leucemic animals.'* Estimates were also made by 
histological means of the extent of leucemic infiltration. On the basis of 
such estimates malignant leucocytes occupied about one-sixth of the total 
tissue space of leucemic livers. 

It appears from the results obtained that these leucemic liver systems 
are incapable of normal fatty acid oxidation. The evidence supports the 
idea that the presence of malignant leucocytes in the liver leads to failure 
of at least one important enzyme system. This work is being extended at 
present to include the study of other enzymes. 

Division of Biochemistry, Noyes Laboratory of Chemistry 
University of Illinois 
Urbana 

Department of Radiology 
Carle Hospital Clinic 
Urbana 

Received for publication, July 18, 1946 


Carl S. Vestlino 
Seymour Kaufman 
Richard E. Maxwell 
Henry Quastler 


* Burk, D., Sprince, H., Spangler, J. M., Boon, M. C., and Furth, J., J. Nat. 
Cancer Inst., 3, 249 (1942). 




THE GROWTH-STIMULATING EFFECT OF A HEAT-LABILE 
FACTOR IN LIVER EXTRACT ON RATS FED 
A NATURAL DIET 


Sirs: 

In studies on the nutritional value of certain human diets, evidence has 
been obt^ed for the existence of a heat-labile factor or factors in liver 
extract active to stimulate growth of rats. When certain natural diets 
were used, poor growth was obtained which could be stimulated by a liver 
fraction. Later it has been shown that the liver factor was heat-labile. 
The most striking growth stimulation was obtained with a diet of auto- 
claved soy beans and ground yellow com, each fed ad libiivim. 


Groxcth Response of Rais Fed Auloclated Soy Beans and Ground yellow Com to Liver 
Eztract and Some Other Supplements 


Kq, of 

aniTn«l» 

Sapplaae&t 

Avenst veisht 
Clin in 9 irks. 

21 

None 

■Si 

20 

Liver extract 


8 

• Heated liver extract 

71 

4 

Fresh yeast 

112 

8 

Autoclaved yeast 

108 

4 < 

Fresh yeast -f liver extract 

145.5 

4 

Cas^ + B vitamins 

72.5 


Liver extract and vitamins were fed 1 drop per animal per day, fresh yeast and 
casein in the amount of 0.5 gm. per animal per day, autoclaved and dried yeast 
0.125 gm. per animal per day. The vitamin mixture contained in each ml. thiamine 
1 mg., riboflavin 1 mg., pyridoxine 1 mg., pantothenic acid 2 mg., niacin 2 mg., 
choline 100 mg., inositol 25 mg., p-aminobenzoic acid 10 mg. 

Rats maintained for 2 years on this diet showed fair growth, physical 
conditions, and reproduction. The liver preparation used to supplement 
this diet was prepared by alcohol extraction of fresh beef liver; proteins 
and lipides were removed from the extract. In the table the growth of 
various groups of rats fed the above diet plus a number of supplements is 
reported. It will be noted that the liver extract doubled the growth rate 
of the animals. If heated to 80“ for 10 minutes, it was completely inacti- 
vated. Yeast, although stimulating growth, probably does not contain the 
active substance, as its action was not modified by autoclaving, and as 
liver stimulated growth of rats fed the diet plus fresh yeast. Casein plus a 
mixture of the known B vitamins (biotin and folic acid not included) 
was ineffective in stimulating growth. The active liver factor is probably 
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not identical with one of the known vitamins or amino acids, as they are 
not inactivated by short autoclaving in neutral solution and as they are 
present in yeast. 

Woolley has lately described a factor, strepogenin, which stimulates 
growth of certain bacteria and mice; as it is heat-stable and present in 
casein,! jl; cannot be identical with the liver factor. While the present 
experiments have been under way and after their conclusion, a number of 
papers have been published reporting on a factor or factors m raw liver 
which stimulate growth of rats and mice,* cause optimal growth and prevent 
anemia in monkeys,* and stimulate growth of S. faecalis.* It remains to be 
shown whether all these actions are caused by the same factor. 

Insliluto Qaimio-Biol6gico Werner G. JaffA* 

Caracas 
Venezuela 

Received for publication, July 24, 1946 


‘Woolley, D. W., J. Biol. Chem., 162, 383 (1946). 

‘ Jeminez-Diaz, C., and Vivanco, F.j Rev. din. espaH., 3, 263 (1943). Bosshardt, 
D. K., Cierzko, L. S., BufEngton, A. S., and Arnow, L. E., Arch. Biochem., 7, 1 (1946). 
Mclntire, J. B., Henderson, L. M., Sohweigert, B. S., and Elvehjem, C. A., Proc. 
Soc. Exp. Biol, and Med., 64, 98 (1943). 

‘ Cooperman, J, M., Waieman, H*. A., McCall, K. B., and Elvehjem, G. A., J. 
Nulr., SO, 45 (1945). 

* Cooperman, J. M., Ruegamer, W. R., Snell, E. E., and Elvehjem, C. A., J. Biol. 
Chejn., 163, 769 (1946). 

‘ Present address, Department of Biochemistry, University of Wisconsin, Madison. 




A SUBSTANCE IN INCUBATED RAT HKART AUGMENTING 

THE CHOLINESTERASE ACTIVITY OF HEART MUSCLE* 

Sirs: 

In the course of a study of the cholinesterase present in comminuted rat 
heart muscle, a peculiar property of this enzjTne preparation^ became 
apparent: Increasing activity towards acetylcholine- was observed, the 
increase reaching its maximum (30 to 60 per cent) after the preparation had 
been kept for 3 to 5 days at 2° or for 4 to 5 hours at 37'’. Furthermore, 
when the 4 to 5 hour incubation period at 37'’ was followed by incubation 
at 25-30“ for 16 hours, the tissue pulp was found to have acquired the abil- 
ity to increase by 20 to 25 per cent the cholinesterase actmty of an equal 
amount of fresh heart pulp. 

The ability of a preparation, treated in the above manner, to increase the 
cholinesterase actmty of fresh heart pulp was unaffected by subjecting the 
preparation to a temperature of 56° for 1 hour, a procedure which inactivates 
its cholinesterase. Heating the preparation to 56° before incubating it for 
16 hours at 28-30°, however, prevented the release of the substance respon- 
able for the activation of the cholinesterase in fresh heart pulp; this indi- 
cates that the release of the activating agent is due to an enzjmatic process. 
The above results were also obtained under sterile conditions, the sterility 
being confirmed by bacteriological tests. The enzjTne sj-stems concerned 
with the formation and the release of the activating agent must, therefore, 
be present in the heart and were not introduced through contamination. 

The activating effect of incubated heart pulp seems to be specific for the 
cholinesterase of heart, since no augmentation in the activity of 
cholinesterases from other sources could be demonstrated. 

Dialysis or incineration of heart pulp pre\-iously shown to possess acti- 
vating properties abolishes the ability of the preparation to activate the 
cholinesterase of fresh heart pulp. 

The increase in activity of incubated heart preparations and the ability 
of these preparations to increase the cholinesterase actirnty of fresh heart 
pulp could result either from the formation of an activator or from the 

* Thia invcatigation waa aided by a grant from the Banting Research Foundation. 

* A suspension of 1 part of finely ground rat heart in 3 parts of distilled water. 

’The cholinesterase activity was measured manometrically at 37.5“ in 0.025 

haHCOj saturated with 5 per cent COj in ?fj. 0.15 cc. of the heart suspension was 
placed in the main compartment of the Warburg vessel and 0.05 cc. of acetylcholine 
(10 per cent) in the form of the chloride was tipped in from the side arm; the total 
fluid volume was 5.0 cc. 
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production of a substance which neutralizes the action of a naturally 
occurring cholinesterase inhibitor. 

Banting and Best Department Maroaket Weight 

of Medical Research Bruno Mendel 

Banting Institute 
University of Toronto 
Toronto, Canada 

Received for publication, July 29, 1946 



THE INFLUENCE OF A STREPOGENIN CONCENTRATE 
ON THE METABOLISM OF GLUTAMIC ACID BY 
STREPTOCOCCUS FAECALIS* 


Sirs: 

The unusual growth response of Lactobacillus arabinosus toward limiting 
concentrations of glutamic acid in the medium was noted by Lewis and 
OlcotU and Lyman and coworkers.- We have attempted to use Strepto- 
coccus faecalis as the test organism in similar assays without success. Of 
particular interest was the fact that some unhydrolyzed crude materials 
resulted in dosage response curves at variance with the standard curves. 
Also, as with Lactobacillus arabinosus, amounts of glutamic acid adequate 


Response of Streptococcus faecalis to Various Combinations of Glutamic Acid and 

Strepogenin 


Glutamic acid per 10 cc. 
basal medium 

Added strepoeenin 
coseestratiofl 10 cc. 

basal medium 

Time required (or 
powtb to produce 

0.16 ms. Organisms 

Generation time 

mg. 


if*. 

In. 

0.1 

0.2 

26.0 


0.2 

0.2 

16.6 


0.3 

0.2 

13.0 


0.5 

0.2 

10.0 


0.2 

1.0 

7.5 


0.2 

2.0 

6.5 


0.2 

0 

47.4 

6.2 

0.4 

0 

23.4 

2.5 

0.7 

0 

14.5 

1.6 

1.0 

0 

11.3 

1.2 

2.0 

0 

7.9 

0.87 


for good growth sometimes required more than 100 hours before growth 
reached its limit, while larger amounts resulted in very rapid growth. Nor- 
mally, growth is complete with this organism in 16 to 18 hours. These 
facts suggested to us that strepogenin’ might affect the early growth of 
Streptococcus faecalis at low glutamic acid concentrations. A concentrate 
of the growth factor was therefore prepared’ and tested. 

* Research paper No. 5S9, Journal Series, University of Arkansas. .Aided by a 
grant from the Committee on Therapeutic Research, Council on Pharmacy and 
Chemistry, American Medical .Association. 

* Lewis, J. C., and Olcott, H. S., J. Biol. Chem., 167, 265 (1945). 

’Lyman, C. M., Kuiken, K. .A., Blotter, L., and Hale, F., J. Biol. Chem., 167, 
395 (1945). 

’ Sprince, H., and Woolley, D. W., J. Am. Chem. Soc., 67, 1734 (1945). 
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Media and methods similar to those of Baumgarten et al.* were used. 
Growth was measured by reading turbidities with a spectrophotometer. 
As is shown in the table, the data obtained indicate that in the presence of 
added strepogenin the time required to produce a standard amount of 
growth is a function of the concentrations of both glutamic acid and strepo- 
genin. When no strepogenin was added, the generation time was inversely 
related to the glutamic acid concentration. These data appear to establish 
a relationship between some substance in the strepogenin concentrate and 
glutamic acid metabolism. The concentrate showed similar activity when 
added before autoclaving or when sterilized by filtration and added after 
autoclaving the medium. Assay of the unhydrolyzed strepogenin concen- 
trate for glutamic acid indicated that it had an activity corresponding to 
admixture with 5 to 10 per cent of its weight of glutamic acid. 

Preliminary data obtained with Lactobacillus casei suggest that the same 
relationship holds with this organism. ' Therefore, there is little reason to 
doubt that the active factor is actually “strepogenin" as measured by the 
method of Sprince and Woolley.^ 

Department of Physiological Chemistry 
School of Medicine 
University of Arkansas 
Little Rock 

Received for publication, August 8, 1946 

* Baumgarten, W., Garey, J. C , Olsen, M. J., Stone, L., and Boruff, C. S., J. Am. 
Chem.'Soc., 66, 1007 (1944). 


John R. Tottek 
Mart E. Mallory Iuno 



ACTION OF CHOLINE AND FAT ON THE FOR^L\TION 
OF PHOSPHOLIPIDES IN THE INTESTINE* 


Sirs: 

Previous studies* have shown that lipide phosphorjdation in the small 
intestine is more active when fat is ingested.* The present data indicate 
that both choline and fat are involved, a finding which may be of interest in 
relation to a possible rdle of h'pide phosphorj-lation in the absorption of fat 
from the intestine.* 

hlale albino rata (100 to 110 gm.) were maintmned for 7 days on a low 
fat, low choline diet.* In each experiment four rats, B, C, and D, were 
injected intraperitoneally with 0.5 cc. of a solution of NaiHPOi, containing 
radioactive phosphorus (P“). Shortly before the injection the following 


Total Radioactivity* and Speafic .ddicilyt of Lipide P in Small Intestine of Rats 


Diet 

Hn. 

a.{ter 

pa 

SubsUmce 

Waltr 

1 ChoUfie 

[ OU -r choUae j 

Oa-r wauf 

Choline-deficient 


84 (33) 

134 (43) 

I'EII 

32 (33) 

li 


132 (53) 

143 (70) 


133 (59) 

l( 

24 

111 (42) 

116 (48) 

■ ilSI 

121 (48) 

Stockf 

G 

117 (52) 

145 (52) 

1 233 (62) 

187 (67) 


* E.\pressed in relative radioactive units (r.r.u.), the total dose injected in the 
animal being considered equal to 10* r.r.u. 

t The figures in parentheses indicate the specific activity (total radioactivity in 
r.r.u. per mg. of lipide P in the intestine of a 100 gm. rat). 

t Rockland rat diet (complete), containing 5.5 per cent of fat. 

were administered by stomach tube: Rat A, water (1 cc.); Rat B, choline 
hydrochloride (30 mg. in 1 cc. of water) ; Rat C, oil (2.2 cc.)* and choline 
hydrochloride (30mg. in 1 cc.of water);RatD,oil (2.2 cc.) and water (Icc.). 

* Aided by a grant from the John and Mary R. Markle Foundation. 

* Artom, C., Perrier, C., Santangelo, M., Sarzana, G., and SegrS, E., Boll. Soc. 
Hal. biol. sper., 12, 703 (1937). Artom, C., Sarzana, G., and Segr4, E., Arch, internal, 
physiol., 37, 245 (1938). Fries, B. A., Ruben, S., Perlman, I., and Chaikoff, I. L., 
J. Biol. Chem., 123, 537 (1938). 

* In these studies the diets probably contained adequate amounts of choline or 
choline precursors. 

. > Sinclair, R. G., J. Biol. Chem., 82, 117 (1929); U5, 211 (1936). VerzAr, F., and 
Laszt, L., Biochem. Z., 270, 24. 35 (1934). Artom, C., and Peretti, G., Arch, internal, 
physiol., 42, 1 (1935). 

‘ Casein 5 parts, dextrin 42, sucrose 42, Crisco 2.5, cod liver oil 2.5, salt mixture 4, 
ruffex 2. A mixture of pure B vitamins was added to the daily ration of the rats. 

* A commercial preparation of partially hydrogenated cottonseed oil. 

393 














394 


LETTERS TO THE EDITORS 


After 3, 6, and 24 hours the rats were killed by decapitation and the lipides 
extracted from the small intestine. On the lipide extracts the radioactivity 
|md the phosphorus content were determined as described.® Eepresenta- 
tive data of experiments from rats on the choline-deficient diet, and also 
from controls on an adequate stock diet, are recorded in the table. 

It appears that when single large doses of choline and fat are given simul- 
taneously there is a considerable increase in both the total radioactivity and 
the specific activity of the intestinal phospholipides. Cholme alone alsc 
stimulates the phosphorylation of lipides in the intestine, but to a lesser 
extent than when choline and fat are ingested. In rats on the choline- 
deficient diet, the administration of oil alone does not affect the total 
radioactivity or the specific activity values. This finding, in conjunction 
with the results obtained from rats on the stock diet, suggests that the 
supply of choline (or choline precursors) may represent a limiting factor 
for the formation of phospholipides during the absorption of fat from the 
intestine. 

Department of Biochemistry 
Bowman Gray School of Medicine 
Wake Forest College 
Winston-Salem, North Carolina 

Received for publication, August 8, 1946 


Camillo Artom 
W. E. CORNATZER 


‘ Artom, C., J. Biol. Chem., 139, 953 (1941). 




THE ADENOSINETRIPHOSPHATASE ACTIVITY IN THE 
PRESENCE OF CREATINE 


Sirs: 

Liubimova and Engelhardt^ reported an indirect effect of creatine on the 
adenosmetriphosphatase activity in a dialyzed aqueous extract of muscle. 
The extracts were practically inactive when adenosine triphosphate (ATP) 
alone was added, but when creatine was also added, there was a formation 
of both true inorganic phosphate and phosphocreatine. They assumed 
that the reaction was connected with the process of transphosphorylation 
between ATP and creatine. 

It was stated by Price and Cori* that this activation by creatine was not 
due to the formation of phosphocreatine, because on fractionation of the 
aqueous extracts with ammonium sulfate the formation of phosphocreatine 
disappeared, while the effect of creatine in enhancing adenosinetriphos- 
phatase activity persisted. 

When I repeated these experiments prior to final publication of extensive 
and seemingly well controlled e.xperimental material, I could not confirm 
them. An aqueous extract of rat or rabbit muscle was first dialyzed and 
then precipitated three times at pH 7 and 33 per cent saturation with 
ammonium sulfate. The final precipitate was dissolved and dialyzed. 
Inorganic phosphate was formed from ATP, but there was no acceleration 
of this reaction by creatine in the absence of formation of phosphocreatine. 

This cast doubt on the validity of other experimental findings previously 
reported,* particularly the claim that the adenosmetriphosphatase activity 
which remained after treatment of myosin with acetone was enhanced by 
creatine. This could not be confirmed either. When the myosin is not 
carefully purified, it contains the enzyme which transfers phosphate from 
ATP to creatine and this enzyme survives the acetone treatment. Unless 
true inorganic phosphate is being determined, the formation of phospho- 
creatine win simulate an acceleration of adenosmetriphosphatase activity 
by creatine. When the muscle is extracted with water prior to the extrac- 
tion of mj'osin with salt solution, or when the myosin is reprecipitated and 
washed three times, some adenosinetriphosphatase activity remains after 
the acetone treatment, but creatine has no effect on it and there is no 
formation of phosphocreatine. In the course of this reinvestigation it was 
foimd that calcium can replace magnesiuin in the activation of the enzyme 
that transfers phosphate from ATP to creatine. 

* Ljubimova, M. N., and Engelbardt, W. A., Bieihimiya, 4, 716 (1939). 

» Price, W. H., and Cori, C. F., J. Biol. Ckan., 162. 393 {im). 

395 



306 


LETTERS TO THE EDITORS 


The question whether the adenosinetriphosphatase activity which re- 
mains after the acetone treatment is a true separation of the enzyme from 
myosin will require further work. 

Department of Pharmacology Cakl F. Com 

Washington University School of Medicine 
St. Louis 


Eeceived for publication, August 13, 1946 



I 


A LABILE IRON POOL 


Sirs: 

When radioactive iron is injected intravenously, the rate at which it is 
incorporated into the erythrocytes as hemoglobin is such that it is necessary 
to consider that a pool of iron or a labile form of storage iron exists which 
should be distinguished from the available iron stores. 

A 70 kilo man may possess a total circulating hemoglobin mass of 900 gm. 
It has been demonstrated that the average “life” of the erythrocyte is about 
125 days.'^ Consequently a man of this size would break down 900/125 = 
7.2 gm. of hemoglobin each day, liberating 7.2 X 3.39 = 24.4 mg. of iron.® 
In order to maintain his hemoglobin le^l, the subject must use the same 
amount of iron per day for hemoglobin s>Tithesis. If 5 mg. of Fe®’ are 
injected intravenously, and if this were to merge with the 24.4 mg. of iron 
derived from hemoglobin breakdown, the proportion of the radioactive iron 
which would enter the red blood cells should be (24.4 X 100)/(24.4 + 5) = 
83 per cent dailj*. Actually much less than this is taken up by the red 
corpuscles. 

It has been stated® that in the dog the amounts of iron in the circulating 
hemoglobin and in the available stores represent respectively 57 and 15 to 
20 per cent of the total body iron. If the figures are applied to man, a 
person who possesses 900 gm. of circulating hemoglobin should cany about 
1000 mg. of iron in the available stores. If a small dose, say 5 mg., of 
intravenously administered radioactive iron were to merge with the avail- 
able stores, then (24.4 X 100)/(24.4 -}- 5 + 1000) = 2.4 per cent should 
appear in the circulation each day. 

We have made estimates of the uptake of Fe®’ with comparable doses in 
several species of anim.ala and find values which rise from about 10 per cent 
on the 1st day to steady levels of about 15 per cent per day after the 2nd 
day. From the latter figure it can be calculated ((24.4 X 100)/(24.4 -f- 
5 + a:) = 15) that the labile pool of iron (s) available amounts to about 
133 mg. Calculated in relation to the body weight of the animal, the aver- 
age figures for normal rats, pigs, and men, respectively, are 1.00, 1.68, and 
3.69 mg. per kilo. These are based on the uptakes after 1 or 2 days of small 
amounts of radioactive iron injected intravenously (0.03 to 0.30, 0.01 to 
0.02, and 0.064 mg. per kilo of body weight in the respective species). 

‘ Hawkins, W. B., and Whipple, G. H., Am. J. Physiol., 122, 418 (1938). Shemin, 
D., and Rittenberg, D., Federation Proc., 6, 153 {1346}. 

* Drabkin, D. L., Am. J. Med. Sc., 209, 268 (1945). 

> Hahn, P. P., Medicine, 16, 249 (1937). 
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Figures based on the uptakes 2 to 4 days after injection would be different, 
since the uptake then is usually more rapid than earlier. The estimates 
presented are admittedly only approximate; accurate values will require 
further study. 

The labile pool would appear to be an intermediate stage which receives 
iron from hemoglobin breakdown or from oral absorption or iron that is 
injected parenterally. When a relatively small dose of iron is given in- 
travenously to a normal mature animal, this can be incorporated into the 
pool. Most of the injected iron appears in the red blood cells in about 10 
days. On the other hand, if a large dose of radioactive iron is given, the 
iron needs for hemoglobin formation and the capacity of the pool are ex- 
ceeded, and a portion of the iron will enter the stores. 

Very recently Ross,"* using a different approach, has also arrived at the 
conclusion that a “metabolic pool” of iron exists. 

Department of Medicine G. Robert Greenberg 

University of Utah School of Medicine Maxwell M. Wintrobe 

Salt Lake City 

Received for publication, July 30, 1946 


* Robs, J. F., Proc. Am. Soc. Clin. Invest., 33 (1946). 


THE TEMPERATURE COEFFICIENT FOR THE DENATURATION 
OF CHORIONIC AND M.ARE SERUAI GONADOTROPINS IN 
AQUEOUS AND IN URKA SOLUTIONS 

Br FRITZ BISCHOFF 

(from the Chemical Laboratory, Santa Barbara Cottage Hospital Research InsliluU, 

Santa Barbara) 

(Received for publication. May 1, 1946) 

The denaturatioa of chorionic gonadotropin in 40 per cent aqueous inea 
solution has been found exceptional with respect to both the heat of activa- 
tion and entropy of activation, but similar to other protein denaturations 
when compared on the basis of free energy of activation (1). The low 
rate (2) of inactivation of mare serum gonadotropin in 40 per cent aqueous 
urea solution at 37.5°, along with the above observation, prompted a study 
of the temperature coefiheient for the inactivation of the mare serum 
hormone in 40 per cent aqueous urea solution. In the case of the chorionic 
gonadotropin, the inactivation was independent of concentration but the 
rate was such that a first order reaction could only be assumed on the b^is 
that the reaction product was a stable substance with less biologic activitj . 
The question arose concerning the free energy of the activation in the 
denaturation of chorionic gonadotropin compared with results for the 
mare serum hormone on the basis of total inactivation. The temperature 
coefficient for the inactivation of the reaction product of chorionic gonado- 
tropin in 40 per cent aqueous urea solution was therefore determined and 
the origmal experiments were repeated with a hormone prepared by an 
entirely different procedure and of a higher degree of purity. A chorionic 
gonadotropin of E. R. Squibb and Sons was used; it had been prepared 
by tannic acid precipitation with subsequent fractionation, and assayed 
300 i.Tj. per mg. in contrast to 100 i.xr. per mg. for our original hormone. 
Finally, it seemed desirable to study the temperature coefficient for the 
inactivation of the two hormones in aqueous solution. 

EXPERISrEXT.Ui 

The experimental details of the denaturation procedures and of the 
biologic assay have been described (1, 2). The same hormone prepai^ 
tions were used with the addition of the chorionic gonadotropin furnished 
by Squibb, as described in the introduction. 120 rats were used for the 
bioassay in the experiments concerned with the mare serum hormone in 
urea solution. This does not include the data used from the earlier publica- 
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tion (forty additional rats). 100 rats were used in the heat inactivation 
experiments. The temperature coefficient for the inactivation of the 
reaction product of chorionic gonadotropin in urea solution is based on a 
bioassay in which 100 rats (not including twenty rats used in the earlier 
publication) were employed. In the duplication e.xperiments with the 
Squibb hormone, 160 rats were empolyed. 280 rats were used in the heat 
inactivation experiments. Since the accuracy of a bioassay is proportional 
to the square root of the number of animals employed and the heat of 
inactivation varies with the logarithm of the ratio of reaction rates, it was 
felt that increasing the number of animals within reasonable limits in the 
bioassay would give little additional information. 

The bioassays in the isolated experiments, concerned with the mactiva- 
tion of the chorionic gonadotropin in aqueous solution in the temperature 
range above 65°, were performed with the same degree of accuracy as in 
the other e.xperiments described in this paper. The results are not in- 
corporated in tabular form but reported in the body of the text. The 
statistic accompanying each result is the standard deviation of the mean. 


Results 

Mare Serum Hormone in. 40 Per Cent Urea — The inactivation of preg- 
nant mare serum gonadotropin by exposure to 40 per cent aqueous urea 
solution was studied at three temperatures; viz., 58.0°, 50.0°, and 37.5°. 
The recovery of hormone and reaction rates calculated from the recovery 
data are given in Table I. The agreement of reaction rates with time is 
well within the accuracy of the bioassay and establishes a first order reac- 
tion.^ In Fig. 1, the logarithms of the reaction rates are plotted against 
the reciprocals of the absolute temperatures- and again the agreement is 
well within the accuracy of the bioassay. 

If the velocity constants (taken from the graph. Fig. 1) 0.089 and 0.00105 
for 58.0° and 37.5° respectively are substituted in the integrated form of 
the Arrhenius equation,’ Q, the activation energy for the reaction, becomes 
44,100 calories mole~b The e.xperimental error may be estimated by ro- 
tating the line in Fig. 1 by a distance, at each extreme temperature, equal 
to the standard deviation of the mean of the distances of the respective 
points to the line. On recalculating Q, the difference from the original 


> I: = l/I X 2.3 log C/(C — o), where i is the reaction time in minutes, C is the 
original concentration of hormone, and a is the amount of C inactivated in time t. 

’ Log k = C — a/T, where k is the velocity constant, T is the absolute tempera- 
ture, and C and a are constants. If this relation holds, the logarithm of the velocity 
constant plotted against 1/T should result in a straight line. 

(log ki — log ki) 

’ Q = R2.3 ■ ■ in which ki and kj are the rates at the absolute tem- 

V i/ii — l/il ) 

peratures Ti and Tj, R is the gas constant in calories, and Q is the activation energy 
for the reaction in calories per mole. 
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Table I 

Iiwclivation of Gonadotropin of Pregnant Mare Serum by Exposure to 40 Per Cent 
Aqueoue Urea Solution at Various Temperatures 


Tca- 

penture 

of 

inacti- 

\%Uon 

‘Iliac of 
loocti* 
%atioa 

Ratio 

of 

control 
to ^ 
experi- 
mental 
dose 

Mean or^an weight in bloassay 

Esti- 

mated 

reco\eo' 

of 

hormone 

Correct assay 
range, 

19 of 20 
trials 

k (min."*) 

Control 


•c. 

mt/t. 


Kg. 

«r. 

^cr urt 

P<r cent 


5S.0 

5 


91 ± 11 (0.) 

47 i 4 (0.) 





15 


91 i 11 “ 

53 i 7 

34 

6 



120 

hbm 

ai ± 3 “ 










7 

Assured 


50.0 

5 

1.0 


40 ± 5 (0.) 





30 

O.Sl 


27 “I 2 5 “ 

60 

9 



60 


55 ± 6 (0.) 

35 i 4 

37 

7 



120 



■L— 








96 ± 6 (T.) 

12 

2 


37.5 

360 




72 


0.000911; 


lOSO 


50 i 6 (0.) 

29 i: 2 (0.) 

35 

4 

0.00097 


1350 




24 




0. indicates that the assay was perfonned by measuring the ovarian weight; 
0. by measuring the uterine n eight. 

• By comparing the inactivation at 15 and ominutes (Utter mates). 
t By correcting for the temperature iag from 0 time (litter mates), 
t By comparing the inactiration at 3 and 120 minutes Oittor mates). 

§ By comparing the inactivation at 30 and 120 minutes (litter mates). 

II Data from previous publication. 



Flo. 1. Heat inactivation of mare serum gonadotropin in 40 per cent aqueous urea 
solution, pH 7.0. The log rate of inactivation is plotted against the reciprocal of 
the absolute temperature. 
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value is about 1000 calories, which may be regarded as once the standard 
deviation of the mean. 

The entropy of activation may be calculated by use of the equation 
for the absolute rate of denaturation^ at 0°. The value of k, at 0°, may 
be obtained by the use of the Arrhenius equation, 44,100 calories being 
substituted for Q, and 0.00105 for Ajj, the rate at 310.6° (absolute tempera- 
ture). The rate at 0°, which must be converted to seconds for use in the 
subsequent substitution, becomes 9.45 X 10~'® sec."^. With this constant, 
the entropy of activation A/S, which entails the denaturation, becomes 61 

Table II 


Inactivation of Gonadotropin of Pregnant Marc Serum in Aqueous i Per Cent NaCl 

Solution at pH 7.0 by Heat 


Temperature 

of 

inactivation 

Time of 
inactivation 

Itatio of 
control to 
experimental 
dose 

Ovarian weight 
in bioassay, 
mean dt standard 
deviation of mean 

Estimated 
recovery of 
hormone 

Limit of 
per cent 
deviation, 

19 of 20 times 

k (minr*) 

“C. 

min. 


mg. 

per cent 

per cent 


80.0 

5 


43 db 5 





20 

0.8 

32 ± 2 

68 

9 



35 

0.5 

28 db 1.4 

38 

4 


76.7 

5 1 


60 ± 6 




1 

35 

1.0 

36 ± 5 1 

75 ' 

13 j 

0.0096 

75.1 

5 


54 '± 5 


1 


1 

80 

0.72 

29 ± 1 

49 

5 

0.0095 

70.7 1 

5 


140 ± 6 

i 

1 

1 


1 

100 

1.0 

101 ± 8 

1 78 

7 

0.0026 

67.0 

0 


114 ± 8 




1 

360 

1.0 

55 db 7 

63 

7 

0.0013 

60.0 

1440 


1 

1 


0.00025* 


2880 



1 


0.00024* 


4320 





0.00034* 


5760 


1 



0.00032* 


* Data of Rimington and Rowlands. 


calories degree mole ' and the free energy of activation® becomes 25,200 
calories mole”^ at 37°. 

Mare Serum Hormone in Aqueous Solution — The inactivation was per- 
formed at the temperatures given in Table II. The recovery of hormone 

* kn = S.7 X 10'* X X where Q, R, T, e, and AS have their usual 

meaning and 5.7 X 10'* is the ratio of Boltzmann’s constant (1.346 X lO"'* erg) 
and Planck’s constant (6.554 X 10”** erg per second) times 273.1 (the absolute tem- 
perature at 0°). 

‘ AF = AH — TaS, where AH is the heat of activation, AF is the change in free 
energy, and AS is the change in entropy. 
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and reaction rates calculated from the recovery are also pven in Table IT. 
Rimington and Rowlands have reported the rate at 60° and concluded that 
it follows an exponential course (3). This is confirmed by our data at 
80.0°. In Fig. 2, the logarithms of the reaction rates are plotted against 
the reciprocals of the absolute temperatures. The data of Rimington 
and Rowlands are included and extrapolation of the plotted graph of our 
data to the temperature range used by Rimington and Rowlands shows 
excellent agreement with theory. 

When the velocity constants 0.026 and 0.00024 for 80.0° and 60.0°, 
respectively, are substituted in the Arrhenius equation, Q, the activation 
energy for the reaction, becomes 54,700 calories moIe~^ with a standard 



Fio. 2. Heat inactivation of mare aenun gonadotropin in 1 per cent aqueous ^TaCl 
solution, pH 7.0. The log rate of inactivation ia plotted against the reciprocal of 
the absolute temperature. 

error of 1300 calories mole“h The reaction rate at 0° is calculated as 
5.15 X 10'“ sec.'"-, the entropy of activation as 80.3 calories degree'^ 
mole'^, and the change of free energy at 37° as 29,800 calories mole'h 
Chorionic Gonadotropin in 40 Per Cent Urea Solution — The slow reaction 
of chorionic gonadotropin in 40 per cent aqueous urea solution was studied 
after the fast reaction had become unmeasurable (6 hours). Three tem- 
peratures, 50.0°, 37.5°, and 22.5°, were selected and the reaction product 
was compared with the control hormone in 2.2 per cent (after dilution 
from 40 per cent urea concentration) urea solution incubated at the same 
temperature range. The results are given in Table III. The agreement 
of reaction rates with time is- well wi thin the accuracy of the bioassay 
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and establishes a first order of reaction; the change of reaction rate with 
temperature follows the Arrhenius law. 

If the velocity constants (taken from a graph of log k plotted against 
1/r) 0.0027 and 0.00015 for 50.0° and 22.5°, respectively, are substituted 
in the Arrhenius equation,^ Q, the activation energy, becomes 20,000 
calories mole*"'. The experimental error of this value, obtained in a 
manner analogous to that described in the mare serum hormone experi- 
ments, becomes 400 calories for once the standard deviation of the mean. 
According to the general scheme of calculation used for the mare serum 
hormone, the speed of reaction at 0° becomes 1.51 X 10~^ sec.“h The 
entropy of activation becomes —17 calories degree”^ raole~^ and the free 
energy of activation becomes 25,300 calories mo]e~‘ at 37°. 


Table III 

Inactivation of Denatured Chorionic Gonadotropin (Formed by 6 Hour Reaction in 
40 Per CenlU rea Solution at 37.5°) in 40 Per Cent U rea Solution 


Tem- 

perature 

oi 

inacti- 

vatioa 

Time of 
inacti- 
vation 

1 

Ratio of ' 
control to 1 
experimea- 1 
tal dose 

Mean organ weight 

Estimated 
recovery 
of hormone 

Correct 
assay range, 
19 of 20 
trials 

k (min.'^) 

Control 

Experimental 

‘C. 

i 

tntn. 


mg. 

1 

1 

1 

per cent 

per cent} 


50.0 

236 

0.50 

39 th 7 

41 ± 6 

52 

11 

0.0023 


465 

0.33 

48 rfc 8 

25 ± 1.3 

20 

3 

0.0034 

37.5 

1080 




48 


0.00070* 


lOSO 

0.50 

99 ± 5 

107 ± 4 

58 

11 

0.00052 


1440 

0.50 

40 ± 8 

25 ± 3 

32 

8 

0.00079 

22.5 

3940 

0.75 

80 ± 3 

50 ± 8 

53 

10 

0.00016 


6835 

0.50 

1 75 dh 4 

1 

' 54 ± 5 

1 

39 

5 

’ 0.00014 

1 


* Previous data. 


Comparison of Squibb and Santa Barbara Chorionic Gonadotropins — 
The inactivation of the Squibb and the Santa Barbara chorionic gonado- 
tropins in 40 per cent urea solution is compared in Table IV. Up to 120 
minutes, the agreement is within twice the standard error. From this 
period to 1080 minutes, which represents the end of the rapid inactivation 
of the first product and the slow rate characterized by the second product, 
the Squibb chorionic gonadotropin reveals a lower value in all but one 
experiment, in which the value exceeds twice the standard error in two 
instances. The difference is, however, only between 1 and 2 per cent of 
the original activity of the hormone. Since chorionic gonadotropin 
slowly loses activity in aqueous solution (about 50 per cent in’ 1 month 
at room temperature), this slight difference probably represents a dif- 
ference in the- two preparations introduced at the source. Within the 
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slight difference the two preparations show remarkable agreement. The 
1 per cent difference is also reflected in the inactivation by heat at 99“. 

Since it is highly improbable that two preparations, as those described 
above, varying so widely in purity and method of preparation, should 
contain the same ratio of another hormone as an impurity, our original 
explanation that the reaction product is of lesser biologic activity is more 
tenable than assuming the presence of a preformed slowly reacting gonado- 
tropin. The latter probability appears to have been eliminated. 

Chorionic Gonadotropin in Aqueous Solution — ^It will be noted (Kxperi- 
ments 1 and 2, Table V) that at 65“ chorionic gonadotropin is rapidly 
inactivated, 50 per cent of the activity being destroyed in less than 5 min- 

table rv 


Comparison of Inactivation of Squibb and Santa Barbara Chorionic Gonadotropins in 
iO Per Cent Urea Solution at 37.5° 


Time of in&ctivztloa 

Estimated recovery 
of hoCTooe 

Correct assay ranse* 

29 of 20 tides 

Recovery previously obtained 
with Sista Sarbara prolan 

nils. 

per uni 

Per cenl 

per cent 

None* 

106 



30 

39 

±5 

38 

60 

24 

±5 

21 

120 

15 


12 

124 

11.7 

±2.8 

12 

ISO 

6.4 

±1.5 

(9.0 ± 0.9)t 

300 

5.7 

±1.8 

(8.1 ± 0.9) 

360 

7.5 

±1.2 

8.0 ± 0.9 

510 

5.7 

i2.2 

(6.9 ± 0.9) 

lOSO 

4.4 

±0.6 

3.8 ± 0.7 


* Control for effect of 6 per cent urea concentration in assay, 
t Figures in parentheses, calculated from reaction rate. 


utes. (In the experiments in Table V, 1.5 to 2.0 minutes were required for 
the reaction temperature to reach equilibrium.) However, at 15 minutes 
24 per cent of the activity surtdves and 5 minutes additional heating 
produce no further inactivation. It will also be noted from the data of 
Experiments 7, 8, and 9 that increasing the concentration 4-fold has no 
significant effect upon the degree of inactivation. These results are inter- 
preted as showing that the inactivation is of the first order, but that the 
reaction product possesses 24 per cent of the original acti^ty. The con- 
centration of original hormone in the course of the reaction would, there- 
fore, be the apparent concentration minus 24/76 of the apparent inactiva- 
tion. With this correction the velocity constants as given in Table V 
show good agreement; in Experiment 6, the time is doubled and in E.xperi- 
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ment 9, data, at four time intervals, the extremes of which are more than 
5-fold, are well within the error of the bioassay. 

The results obtained by plotting the logarithms of the velocity constants 
against the reciprocals of the absolute temperatures indicate a straight 
line function. Individual values deviate more from the theoretical than 
they do in the other experiments described in this paper; in the deter- 
mination of the reaction rate for chorionic gonadotropin, the experimental 

Table V 


Inactivation of Chorionic Gondotropin in 1 Per Cent Aqueous NaCl Solution, pH 8.5, 

by Heat 


Experi- 

ment 

No. 

Tem- 

perature 

of 

reaction 

Time of 
reaction 

Ratio of 
controi to 
experi- 
mental 
dose 

Mean uterine weight 

Estimated 

recovery 

of 

hormone 

Correct 

assoy 

range, 

19 of 20 
trials 

i (min."*) 

Control dose 

1 Experimental 
dose 

1 


°c. 

frttn. 


mg. 


1 

1 nti. 


per cent 

per cent 


1 

65.0 

5 

0.5 

83 ± 

7 

81 ± 

7 

50 

10 




15 

0.2 

83 ± 

7 

98 ± 

4 

24 

5 


2 

65.0 

5 

0.5 

68 =b 

10 

67 ± 

10 

53 

15 




20 

0.2 

68 ± 

10 

79 ± 

7 

24 

4 


3 

62.5 

5 

0.5 



33 ± 

4 

65 

10 




15 

0.13 



86 ± 

8 

35 

6 

0.14 

4 

60.7 

15 

1.0 

46 ± 

5 

27 ± 

3 

66 

14 

0.046 

5 

59.0 

30 

0.5 

89 ± 

5 

71 ± 

8 

41 

8 

0.054 

6 

58.0 

60 

0.5 

43 ± 

5 

40 ± 

5 

45 

7 

0.023 



120 

0.5 

45 ± 

5 

24 ± 

3 

30 

4 

0.022 

7 

66.9 

60 

1.0 

54 ± 

7 

26 ± 

5 

56 

15 

0.015 



60 

1.0 

61 ± 

7 

37 ± 


63* 

16 

0.012 

8 

50.3 

380 

0.5 

50 ± 

6 

61 ± 

5 

60 

9 

0.0020 



380 

O’. 5 

50 ± 

6 

64 ± 

7 

63* 

7 

0.0018 

9 

50.0 

270 

1.0 

54 ± 

7 

29 ± 

3 

61 

13 

0.0026 



470 

0.5 

77 ± 

6 

80 zk 

7 

53 

9 

0.0021 



840 

0.5 

51 ± 

7 

29 ± 

4 

33* 

7 

0.0025 



1550 

0.25 

71 ± 

5 

85 ± 

9 

28 

4 

0.0019 


* In these experiments the concentration was 400 i.u. per cc. instead of 100 as 
in all other experiments. 


error is greater, because the calculation is based upon two bioassays instead 
of one. Although the number of rats used in the bioassay was doubled, 
the standard error of the Arrhenius constant is approximately 6 per cent 
as compared with 2 to 3 per cent for the three other Arrhenius constants 
determined. 

The activation energy is calculated for the two velocity constants, 
0.105 and 0.00195 at 62.5° and 50.0° respectively. Q becomes 68,800 
calories moIe~^ with a standard error of 4000 calories mole~*^. The rate 
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at 0“ becomes 9.42 X 10““ sec.~\ The entropy of activation is calculated 
as 133.4 calories degree"^ mole~^ and the free energy of the activation as 
27,400 calories mole“* at 37°. 

Chorionic Gonadotropin in Aqueous Solution above 65 ° — ^The rapid 
inactivation of chorionic gonadotropin in aqueous solution at 99-100° 
has been reported in earlier publications (4, 5). In less than 2 minutes, 
95 per cent of the biologic activity is destroyed at this temperature. In 
exploratory experiments it was foxmd that further inactivation proceeds 
slowly. Assuming the inactivation is a first order reaction, k (min.“0 
equals approximately 3 X 10~- at 99°, a rate which is attained by the 
initial inactivation of the original hormone by heat in aqueous solution 
at a temperature appro.ximately 40° lower. The recovery at 99° for a 

Table VI 


Comparison of Uterine and Ovarian Response of Immature Rats to Reaction Product 
of Chorionic Gonadotropin Obtained by Heat Treatment in Aqueous Solution 
at 99° for 10 Minutes 


Sabatir.ce mjected 

Do&e per 
nt equivai- 
lent ta 
onginel 
solution 

Mean oramn 
wcagbt 
standard 
devuuon 
of mean 

Meanater* 

1 me weight 
s standard 
dmation 
01 mean 

Per cent 
rtcoexy 
of 

hoTSone 

Per cent 
devutton 
19 of 2a 
Lmes 


u. 

mi 

mi. 



Control gonadotropin, 400 i.tr. 






per cc 

O.Oi 

23 ± 0.8° 


106 

17 

Same, heated 10 min. at 99° 

0.125 

12 ± 0.8 

71 i 7 

4.4 

0.6 

“ “ 10 “ “ 99° 

1.0 

25 i 1.0° 


5.0 

0.8 


• Ovaries heavily luteinized. 


reaction time of 40 minutes was 1.6 ± 0.15 per cent; at 10 minutes the 
recovery was 4.0 =b 0.5 per cent. 

Below 65°, the heat inactivation of chorionic gonadotropin produced 
a reaction product of relative stability with 24 per cent of the original 
biologic activity. Essentially the same activity, 23 i 2 per cent, was 
obtained in less than 5.0 minutes at 71.5°. 10 minutes additional treat- 
ment at this temperature resulted in an additional 50 per cent (of the 23 
per cent) loss in biologic activity, the resulting product assaying 11 i 1 
per cent of the original activity. At 77.1°, 90 per cent of the original 
activity is destroyed in less than 5 minutes. In the next 5 minutes the 
activity fell from 10 it 0.8 to 7 ± 0.8 per cent. 

The results of the experiments in Table V and the exploratory work 
described above indicate that in the heat inactivation of chorionic gonado- 
tropin at least two intermediary compounds are formed, one with 24 
and one with 5 per cent of the original activity. There is probably a third 
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Avith approximately 10 per cent of the original activity. No attempt Avas 
made to study the temperature coefficients of these intermediary reaction 
products. It is apparent that the further inactivation of the first reaction 
product Avould have a high heat of activation. 

Qualitative and Quantitative Response of Denatured Product — The ratio 
of the dosage levels required to produce varying responses in the uterine 
and ovarian Aveights of test animals is quite characteristic for the various 
gonadotropins, especially so for the chorionic gonadotropin. For the 
dosage level of either of the three hormones (chorionic, mare serum, and 
sheep pituitary) required to produce a uterine Aveight of 70 mg. in immature 
rats, 8 times this level are required to raise the ovarian Aveight to 24 mg. 
in the case of the chorionic gonadotropin, 4 times the level in the case of 
sheep pituitary gonadotropin, and only 2-^ times the level in the case 
of the mare serum hormone. 

It seemed desirable to ascertain whether the reaction products of de- 
natured chorionic gonadotropin retained this characteristic. The extreme 
case, in Avhich heat denaturation at 99° in aqueous solution produces a 
reaction product Avith 5 per cent of the original activity (as assayed by 
uterine Aveight increases), Avas tested. The results are given in Table VI. 
Per cent recovery is calculated by use of the reference assay curves es- 
tablished for the hormone and an assay for the control is run simultaneously 
upon litter mates to shoAV that the response of the rats fits the assay curve. 

The results of this experiment shoAV quite conclusively that, although 
the product retains only 5 per cent of the original activity, the effects 
produced upon ovarian and uterine Aveight are identical both qualita- 
tively and quantitatively. 


DISCUSSION 

It is apparent from a summation of the results in Table VII that the 
inactivation of pregnant mare serum hormone, Avhether produced in 40 
per cent urea solution or in 1 per cent aqueous NaCl solution at a higher 
temperature range, has the characteristics of a classic protein denaturation. 
The heats of activation and entropies of activation for the tAvo reactions 
are of the same order, indicating a similar mechanism. These results are 
to be contrasted Avith those obtained for the chorionic gonadotropin, in 
Avhich the evidence, Avhile indicating first order kinetics for all the reac- 
tions studied, points conclusively to the formation of intermediate com- 
pounds. The loAv heats of activation and entropies of activation for the 
first and second reactions of chorionic gonadotropin in urea are more 
characteristic of normal reactions than reactions regarded as denaturations. 
The formation of an intermediate compound should not eliminate the 
possibility of a denaturation process, since a denaturation is probably a 
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sununation of reactions, the measurement of rate depending on the slowest 
of these reactions. There is another e.xample of this in the present studies, 
the inactivation of chorionic gonadotropin in aqueous solution by heat. 
In this case the high heats of activation and of entropy in the formation 
of a product with 24 per cent of the original activity are characteristic for 
those reactions which are considered denaturations. The difficulty of 
reconciling the two steps in the inactivation of chorionic gonadotropin 
by urea with a denaturation is that the sum of the free energy changes of 
both reactions, which is a measure for the over-all inactivation, is double 
the value regarded characteristic for a denaturation. The complete 
inactivation of chorionic gonadotropin in aqueous solution would also 
result in a great change in free energ}'. The heat denaturation of 

T.VBLE Vil 


Comparison of Q, .ictivation Energy, aF, Change of Free Energy, and AS, Entropy of 
Activation, for Inactivation of Chorionic and Mare Serum Gonadotropins in 4O 
Per Cent Aqueous Urea Solution or in t Per Cent XaCl Solution by Heal 


Reictioa coaditioos /or honnono 





eslorits 


csliriti 




desre^ 

Mare serum in 40% urea, aqueous 

44,100 

25,200 

+61 

“ “ “ l%NaCI, 

54,700 

29,800 

+80 

Chorionic, in 40% urea to product with S% 




of activity 

27,100 

22,800 

+14 

Chorionic, 8% reaction product (above) in 




40% urea 

20,000 

25,300 

-17 

Chorionic, in 1% NaCl to product with 24% 




of activity 1 

68,800 

27,400 

+133 


lactoglobulin has recently been shown by Briggs and Hull (6) to occur m 
two steps, the heat of activation of the first step being 48,100 calories 
mole“‘, that of the second step being 28,000 calories mole~b It is possible 
that further studies will yield more data of this nature, so that our results 
with the chorionic gonadotropin are not as unusual as was at first suspected. 

One of the interesting results of our studies is the establishment of the 
e.xistence of intermediary products of denaturation possessing biologic 
activity. These were first described in an earlier report (2) in which it 
was postulated that the biologic activity is dependent upon the spacing of 
active adsorption foci on the surface of the molecule, the spacing becoming 
deranged in dissociation of the molecule in denaturation. While producing 
the same biologic response, both qualitatively’ and quantitatively’, these 
derivatives well might produce different antihormone or antigenic responses 
and should be investigated. 
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While the respective heats of activation for the mare serum hormone in 
water and aqueous urea are of the same order, the difference of 10,000 
calories, which is 6 times the standard error, is highly significant. As- 
suming the mechanism of denaturation in the two environments are the 
same, the difference of reaction rates at the same temperatures should be 
related to the respective activity coefficients in water and urea solution 
(7). The heats of activation should, however, be the same, which is not 
the case. The difference of 10,000 calories more probably reflects a dif- 
ference in the heats of solution of the hormone in water and aqueous urea. 
Since the heat of solution is a summation of the heats of sublimation 
and heats of solvation and since the heat of sublimation would be the same, 
the difference must be relegated to the heats of solvation; in the process 
of initial solution the energy required for solvation is greater in aqueous 
urea than in water and the resulting solute in urea may be regarded as an 
initial step in the total inactivation of the hormone. At this step there 
is no change in the biologic activity, as numerous assays have shmvn. 
Either the reaction is reversible or the spacing of secondary valence foci 
necessary for biologic activity has not been disrupted by the initial change 
in orientation. In the case of the chorionic gonadotropin the heats of 
activation reflect an even greater divergence, so that there would be an 
even greater change in the solute on initial solvation. Since the e.\act 
relation between heat of reaction and heat of activation is somewhat ob- 
scure and since the heat of solvation is a heat of reaction, the 10,000 calories 
cannot be regarded as an exact measure of difference in heat of solvation. 
The magnitude is, however, quite characteristic for a heat of activation 
of a normal reaction with a low temperature coefficient. 

SUMMARY 

The inactivation rates of pregnant mare serum gonadotropin in 40 per 
cent aqueous urea solution in the temperature range 37.5-50.0° and in 
aqueous 1 per cent NaCl solution in the temperature range 67-80° were 
studied with the following results. 

The degree of inactivation was independent of concentration and the 
velocity constants calculated for a monomolecular reaction agreed within 
the accuracy of the bioassay, indicating simple first order kinetics with a 
reaction product devoid of biologic activity. The heats of activation, 
entropies of activation, and change of free energy at 37°, as calculated 
from the reaction rates, were characteristic for a protein denaturation. 
For the inactivation in urea Q was 44,100 calories mole~S A<S was 61 calories 
degree~‘ mole-^ and AF at 37° was 25,200 calories mole-h For the 
inactivation in 1 per cent NaCl, Q was 54,700 calories mole'S AS was 80 
calories degree-^ mole"*, and AF at 37° was 29,800 calories mole"*. 
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The inactivation of chorionic gonadotropin in 40 per cent aqueous urea 
solution to a product with 8 per cent of the original biologic activity had 
previously been studied. A repetition of these studies with a hormone 
with 3 times the biologic activity and prepared by a different chemical 
procedure gave essentially the same results, confirming the original de- 
ductions. The inactivation of the product with 8 per cent activity in 40 
per cent aqueous urea solution in the temperature range 22.5-50.0° was 
also studied. The results indicated first order kinetics, but the low negative 
entropy of —17 calories degree”^ mole~^ and the heat of activation of 
20,000 calories mole"' were within the range usually taken as representing 
normal reactions. 

The inactivation of chorionic gonadotropin in 1 per cent NaCl solution 
was studied for the temperature range 50.0-65.0°. Inactivation rates 
were independent of concentration, indicating first order kinetics, but the 
rates were such that a first order reaction could only be assumed on the 
basis that the reaction product was a relatively stable substance with 24 
per cent of the original biologic activity. The high heat of activation, 
68,800 calories mole"', and high entropy of activation, 133 calories degree"' 
mole"', indicated that the process was a denaturation. Inactivation 
studies of chorionic gonadotropin at higher temperature (65-100°) 
indicated the possibility of a second reaction product with 10 per cent of 
the original biologic activity. The existence of a tMrd product with 5 
per cent of the original activity was definitely established, the velocity 
constant for the inactivation of this product at 99° being 3 X 10"- min."'. 
The effects that this product produced upon ovarian and uterine tissues 
of immature rats were identical both qualitatively and quantitatively with 
that of the original hormone when the assay was based on the assumption 
that 5 per cent of the original activity survived in the heat-treated product. 

The establishment of widely divergent inactivation rates constitutes 
the proof for the existence of biologically active denaturation derivatives 
of chorionic gonadotropin. 

We wish to express our thanks to Dr. C. F. Church of The Squibb In- 
stitute for Medical Research for a sample of chorionic gonadotropin. 
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ELECTROPHORETIC ANALYSES OF SERA AFTER TREATING 
DOGS WITH 0-CHLOROETHYL VESICANTS* 

Bt ERLAND C. GJESSING asd ALFRED CHAXUTIX 
{From Ihe Biochemical Laboratory, University of Viryinia, Charlottesville) 

(Received for publication, May 9, 1946) 

In a recent paper, Gilman and Philips (1) pointed out that the 0-chloro- 
ethyl vesicants are extremely toxic compounds which have specific effects 
on the bone marrow, lymphoid tissues, and the intestinal mucosa. In addi- 
tion, the systemic injury produced by these mustards causes a series of 
complex biochemical and physiolo^cal changes in the body. This investi- 
gation was undertaken to determine the effects of bis(/3-chloroethyl) sulfide 
and three nitrogen mustards on the electrophoretic changes in the serum 
of dogs. 


Methods 

Dogs were fed a stock laboratory diet and were kept imder observation 
for at least a month. The animals were in good condition at the beg innin g 
of the experimental period. 

Redistilled sulfur mustard, bisOS-chloroethyl) sulfide, was adnunistered 
by the following routes; (1) the whole animal or body (head excluded) 
e.xposed to known concentrations of vapor in specially constructed appara- 
tus; (2) applied to shaved skin undiluted or dissolved in petroleum ether; 
(3) injected intravenously (saphenous) after dissolving in thiodiglycol. 
The hydrochlorides of ethylbis03-chloroethyl)amine, methylbis(^-chloro- 
ethyl)amine, and tris03-chloroethyl)amine were dissolv'ed in saline immedi- 
ately before intravenous injection (saphenous). Blood was drawn from 
the jugular, allowed to clot, and the serum withdrawn for analysis. Total 
nitrogen and non-protein nitrogen were determined by the micro-Kjeldahl 
procedure. 

Serum was diluted with 1.5 parts of veronal buffer (m, 0.1) at pH S.6 and 
dialyzed against the buffer for 3 or 4 days. The electrophoretic experi- 
ments were done in a Tiselius apparatus at 2.0°, and the pattern recorded 
according to the scanning method of Longsworth (2). The concentrations 
of the various protein fractions were estimated from the electrophoretic 
patterns obtained from the descending diagrams. 

• This work was done under contract with the Medical Division of the Chemical 
Warfare Service. 
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Results 

Fasting — Since the majority of dogs lose their appetite after treatment 
with the mustards, the serum proteins of a normal dog were studied electro- 
phoretically before and after a 4 day period of fasting. The distribution 
of the serum components is not affected by fasting (Table I). 

Vapor Exposure — Five dogs were exposed to high concentrations of 
sulfur mustard vapor. A typical example of the effect of this treatment 


Table I 

Electrophoretic Analysis of Serum of Fasting Dog 


Days of 
fasting 

Protein in 100 ml. serum 

Albumin 
j Globulin 

Albumin 

1 

a-GlobuIin 

/3-Globu!in 




gm. 

gm. 

gm. 


gm. 1 


0 

3.24 

1.35 

0.83 


2.79 1 


4 

3.17 

1.23 

0.82 

■■ 

2.75 

1 

liil 



CONTROL S WVS 

Fig. 1. Electrophoretic patterns for Dog 129 before and after the body was gassed 
with dichloroethyl sulfide. 


Table II 

Electrophoretic Analysis of Serum of Dog 1S9 Exposed to Sulfur Mustard Vapor 


Days after 

Fcr cent of total area 

Albumin 

Globulin 


Albumin 

oc'Globulin 

1 ^'Globulin 



0 

42.8 

7.9 

Ml 



■iH 

3 

23.6 

36.9 

■1 

mm 


■■ 


on the protein distribution of sera is shown in Table II and Fig.l. This 
dog (No. 129) (head excluded) was exposed to a concentration of 500 y per 
liter for 28 minutes {Ct = 14,000). Samples of blood were drawn before 
gassing and a few minutes before death on the 3rd day after treatment. 

Because of insufficient sera, the nitrogen determinations could not be 
done. The relative changes in protein distribution were estimated from 
the percentage of the total area occupied by each fraction. The a-globulin 
fraction increased 350 per cent and albumin decreased 50 per cent. 
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Culaneous Applicalion — Mustard (50 mg. per kilo) was applied to the 
clipped skin of two dogs anesthetized with nembutal. Anesthesia was 
maintained for about 4 hours, and at the end of this time the agent re- 
maining was removed with soap and water. The treated areas (about 
10 sq. cm.) were edematous and blanched at this time. These animals 
were sacrificed on the 4th and 13th days after application of mustard owing 
to the poor condition of the animals. 

The data for Dog 39, which was sacrificed on the 13th day, are shown in 


Table III 


Elecirophoreiic Analysis of Serum of Dog S9 after Cutaneous Application of Bis- 
(0-chloroethyl) Sulfide {50 Mg. per Kilo) 


Days after 
treatmeat 

Protein in iOO ml. serum 

Albumin 

Albumin 

a-Globulin 

/^-Globulin 
+ 7 -globulia 

Total globulin 

Globulin 


XBU 

to. 

tm. 

XT*. 


Control 

3.11 

1.31 

1.81 

3.12 

0.99 

1 

2.83 

1.12 

1.61 

2.73 

1.03 

3 

2.63 

0.87 

1.81 

2.68 


5 

2.75 

1.07 

2.33 

3.40 

O.SO 

7 

2.30 

1.46 

1.73 

3.19 

0.72 

10 

2.38 

1.39 

2.23 

3.62 

0.65 

13 

2.02 

1.44 

1.76 

3.20 

0.63 


AiJ Aii iill liii iiil 

CCNTTOL 3. 3 7 13 DAYS 

Fio. 2. Electrophoretic patterns for Dog 39 after application of 50 mg. per kilo of 
dichloroethyl sulfide on the skin. 


Table HI and Fig. 2. The alb umin concentration decreased from a control 
level of 3.11 gm. per cent to a minimum of 2.02. The a, /3, and y fractions 
showed little change in concentration. However, examination of the 
electrophoretic pattern showed the presence of a pronounced spike in the 
a-globulin fraction. This tmusual spike remained conspicuous for the 
entire period of observation. Despite the constancy of the globulin con- 
centrations it is probable that a new protein fraction having the mobility 
of a-globulin has been added to the plasma. 
fniraxenous Injection of Sulfur and Nitrogen Mustards — ^Lethal doses of 
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bisOS-chloroethyl) sulfide were injected into two dogs. Electrophoretic 
data for the serum of Dog 11 are presented in Table IV and Fig. 3 to illus- 
trate the effects of a non-lethal and a lethal dose of mustard in a single 
animal. After a sub-LD 50 dose (0.3 mg. per kilo), the protein distribution 
was not changed on the 1st day after this injection. This same dose was 
administered a week later and the animal survived 5 days. The albumin 
concentration was decreased but the globulins were not changed on 


Table IV 

EleclTophorelic Analysis of Serum of Dog 11 after Two Infections of Bisifi-chloroelhyl) 

Sulfide 


Days after 
1st injection 
<0.3 mg. per 
kilo) 

1 

Days after 
2nd injection 
(0.3 mg. per 
kilo) 

1 

Protein in 100 m!. serum 1 

Albumin 

Albumin 

a-GIobulin , 

^•Globulin 

^•Globulin 

Total 

globulin 

Globulin 



1 

1 

gnt. 

rm. 

gm. 

gm. 


Control 


2.8 

0.98 

1.44 

0.53 

2.96 

0.95 

1 


2.7 

0.75 

1.67 


3.09 

0.88 

7 




1.04 

! 0.75 




1 

2.2 

0.79 

1.30 

0.67 

2.76 

0.81 


3 

1.9 

1.67 

1.67 

0.58 

3.82 



4 

1.9 

2.47 

1 

1.00 

1 

0.62 

4.09 

1 

M 



Fig. 3. Flectrophorotic patterns for Dog 11 after the intravenous injection of 
diohloroethyl sulfide. 


the 1st day after the second injection. On the 3rd and 5th days, 
the albumin decreased further and the a-globulin concentration rose 
markedly. The /3-globulin concentration decreased slightly and the 
y fraction showed little change. The albumin to globulin ratios de- 
creased from the control value of 0.95 to 0.47. 

Five dogs were injected with varying doses of ethylbis(/3-chloroethyl)- 
amine hydrochloride. The electrophoretic patterns of animals receiving 
LD 100 doses were identical. After injection of sub-LD 50 doses, no sig- 
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nificant changes in protein were seen. After the injection of 2.0 mg. per 
kilo in Dog 44, severe vomiting and diarrhea occurred on the 3rd day, and 
the animal died on the 4th day. 

The electrophoretic patterns of all animals in this group were unsatis- 
factory and difficult to analyze. These particular studies were carried out 
during particularly hot weather, which may be associated with the type 
of pattern obtained. 

A typical spike appeared in the a-globulin region. The total globulin 
concentration increased from 1.64 to 3.96 gm. per cent. The albumin 


Table V 

Electrophoretic Analysio of Serum of Dog H Infected Intravenously with 3.0 Mg. per 
Kilo of Ethylbia(fi-chloroethyl)amine Hydrochloride 


Days after 
treatment 

Protein la lOO'ml. serum 

Albimin 

Albumin 

ai-GIobulin + 
ot-sIobuHn 

^-Globtilin 

TT-giobulin 

Total globulin 

Globulin 


tm. 1 

in. 

Xjfj. 1 



Control 

3.46 



1.64 

2.10 

3 

2.28 

1.19 

1.94 

3.13 

0.72 

4 

2.08 I 



3.96 

0.32 


ccuTsa. j < cirs 

Fig. 4. Electrophoretic patterns for Dog 44 after the intravenous injection of 
ethylbisCa-chloroethyljamine. 

concentration decreased from 3.46 to 2.08 gm. per cent. These changes 
caused a reversal of the albumin to globulin ratio (Table V and Fig. 4). 

LD 100 doses of methylbia(/3-chloroethyl)amine hydrochloride were in- 
jected into three dogs. The data for Dog 46, which survived for 4 days, 
are shown in Table VI and Fig. 5. This animal exhibited characteristic 
diarrhea and vo mitin g which follows injection of the nitrogen mustards. 
The typical decrease in albumin, increase in a-globulin, and decrease in the 
albumin to globulin ratio are seen. 

TrisOS-chloroethyl) amine hydrochloride was injected in varying amounts 
into five dogs. The data for Dog 15, which survived 3 days, are presented 
in Table VII and Fig. 6. The albumin concentration of these sera showed 
no change in concentration. This constancy was not observed in any 
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TABIiH VI 


Electrophorciic Analysis of Scrum of Dog 43 Injected Intravenously with 1^5 Mg. per 
Kilo of Methylbis(p-chloroethyl)amine Hydrochloride 


Days after 
treatmeot 

Protein in 100 ml. scnim 

Albumin 

Albumin 

ai-GIobutia + 
cn-globulin 

j5-GlobuliQ 4- 
y'globulin 

Total globulin 

Globulin 


gm. 

gm. 

tm. 

gm. 


Control 

3.50 

0.84 

1.68 

2.52 

1.38 

1 

3.36 

1.19 

1.41 

2.60 

1.28 

3 

3.16 

1.59 

1.32 

2.91 


4 

2.63 

2.39 

1.67 

4.06 

0.64 



CONTRO, 



Fig. 5. Electrophoretic patterns for Dog. 46 after the intravenous injection of 
methylbis (|3-chloroethyl) amine. 


Table VII 


Electrophoretic Analysis of Serwn of Dog IS Injected Intravenously with 1.5 Mg. per 
Kilo of Tris(S-chloroethyl)amine Hydrochloride 


Days after 
treatmeat 

Protein in 100 ml. serum 

1 

Albumin 

Albumla 

a-GlobuUo 

^-Globulin + 
7 -globuUa 

Total globulin 

Globulin 


gm. 

gm. 

gm. 

gm. 


Control 

3.13 

0.64 

2.50 

3.14 

1.00 

1 

3.30 

0.79 

2.62 

3.41 

mmm 

2 

3.30 

1.15 

1.87 

3.02 


3 

3.27 

1.30 

1.73 

3.03 

mSm 



Fiq. 6. Electrophoretic patterns for Dog 15 after the intravenous injection of 
trisOS-chloroethyl) amine hydrochloride (1.5 mg. per kilo). 
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other treated animal. The a-globnlia was increased. The data for ^ 
and 7-globulin3 were combined owing to poor separation in the pattern. 

Comment 

Although the changes in the albumin and a-globulin concentrations are 
consistently noted after treatment with no-vious substances, no evidence is 
available to indicate the mechanisms involved. In the case of bis(^'Chloro- 
ethyl) sulfide, cutaneous treatment with the vapor and liquid or intravenoiis 
injection produced the same type of electrophoretic changes. The four 
mustards used are structurally related by having the chloroethyl radical in 
each molecule. A common denominator for these mustards is their cyto- 
toxic properties regardless of the mode of administration. 

These studies indicate that there is a latent period of 2 or 3 days before 
the electrophoretic pattern shows the definite and marked changes de- 
scribed for ot-globulin. Unpublished data indicate that the increase in the 
globulin area is due to the presence of several new protein fractions; one is 
extremely rich in lipides and another is poor in lipides. The greatest in- 
crease in the a-globulin concentration of this series was noted in a dog ex- 
posed to a lethal concentration of vapor. Body exposure is followed by 
extensive damage to the skin of the entire animal. Intravenous injection 
of LD 100 doses of the sulfur and nitrogen mustards produces changes which 
are qualitatively and quantitatively similar. Dogs surviving one or more 
non-lethal doses show no significant changes in protein distribution. 

Inspection of the electrophoretic patterns shows that the 3-globulin area 
is characterized by the appearance of a spike. Although this change is not 
conspicuous, it appears to be present in varying degrees in the sera of the 
intoxicated animals. The changes in the percentage concentrations of the 
3-globulins are not striking. On the basis of xmpublished fractionation 
experiments, it is believed that the spike seen in the 3-globulin area repre- 
sents the addition of new proteins to the plasma. In some of the sera, 
s i mila r spikes are observed for the a-globulin fractions without a change 
in the percentage concentration. 

The mustards used in these experiments cause a very marked lympho- 
penia in rats, rabbits, and dogs after the first 24 hours. Marked destruc- 
tion and dissolution of the lymphoid tissues occur in these species. White 
and Dougherty (3) found that the total serum proteins increase slightly 
shortly after the injection of pituitary adrenotropic hormone in rats. This 
change is related to the destruction of lymphocytes following the injection. 
In a later paper, these workers (4) showed that both the 3- and 7-globulin3 
increase in normal rabbits during the 1st day following injections of either 
adrenotropic hormone or adrenal cortical steroids. These and other find- 
ings have been interpreted to mean that lymphoid tissue is a source of 
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globulins. The electrophoretic analyses of the sera of dogs treated with 
mustards do not appear to confirm the ideas expressed by the Yale investi- 
gators, since the areas of the /3- and 7 -globulins are not increased. How- 
ever, there is some indication that the response to injury, as evidenced by 
the electrophoretic pattern of serum, is different in the dog and rabbit. 

SUMMARY 

1 . Serum proteins of dogs were analyzed after exposing the skin to vapor 
and liquid bis(/3-chloroethyl) sulfide and after the intravenous injection of 
bis(]3-chloroethyl) sulfide and the hydrochlorides of ethylbisOS-chloroethyl)- 
amine, methylbis(/3-chloroethyl)amine, and trisOS-chloroethyljamine. 

2. Exposure to or injection of LD 100 doses of these agents causes a 
decrease in the albumin and an increase in the a-globulin concentration 
of sera. 

3. The greatest changes in the albumin and a-globulin were seen after 
exposure of the body to bis(/3'Chloroethyl) sulfide vapor. Injection of 
LD 100 doses of the sulfur and nitrogen mustards causes approximately the 
same quantitative changes in the electrophoretic patterns. 

4. Characteristic spikes in the a and ^ areas characterize the electro- 
phoretic patterns of the servun of the treated dog. 

The authors wish to thank Captain R. V. Bowers, Lucy F. Hoblitzel, 
and Paula S. Gjessing for valuable technical assistance throughout these 
studies. 
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ELECTROPHORETIC ANALYSES OF SERA OF INJURED DOGS* 
By ALFRED CHAJIUTIN and ERLAND C. GJESSING 
(From the Biochemical Laboratory, University of Virginia, Charlottesville) 
(Received for publication, May 9, 1916) 

Severe injury to dogs by sulfur and nitrogen mustards causes a decrease 
in albumin and an increase in the ct-globulin concentrations of the serum 
as measured by the electrophoretic procedure (1). These changes in the 
distribution of proteins appear to be a manifestation of a complex series 
of metabolic disturbances which occur after extensive cellular death. 
Little is known concerning the nature of the products of tissue destruction 
responsible for these disturbances. 

This investigation was undertaken to observe the effects of a wide variety 
of injury on the protein distribution in the senun. 

Methods and Results 

Healthy male and female dogs were used as experimental animals. The 
procedures for electrophoresis have been described (1). Injury was pro- 
duced by heat, cold, turpentine, and bone fracture imder anesthesia. 

Hal Water — ^Anesthetized dogs (nembutal), whose hair was clipped, were 
burned by dipping in water at 73° for 6 seconds. The head, shoulders, and 
fore legs were not exposed to the hot water. The genitalia were protected 
with wet gauze. Three dogs were treated in this manner. 

The changes in the serum of Dog 26 are representative for the effect of 
scalding and the data are shown in Fig. 1 and Table I. At the end of the 
first 2A hours, the hind legs were edematous and several necrotic patches 
were noted on the inner siuface of the legs. At this time, the albumin con- 
centration decreased from the control value of 3.31 to 1.31 gm. per cent; 
the a-globulin fraction increased from 0.29 to 1.03 gm. per cent. On the 
2nd and 3rd days, the hind legs were very edematous and the skin was 
covered with numerous small blisters and necrotic patches. The a-globulin 
concentrations continued to increase on the 2nd and 3rd days and were 1.36 
and 1.63 gm. per cent, respectively; the albumin concentration rose to 1.89 
gm. per cent on the 3rd day. The a- and ^-globulins showed characteristic 
spikes on the 3rd day. 

The albumin concentration reached a level of about 2.0 gm. per cent on 
the 4th day, which was maintained. The a-globulin fraction continued 
to increase to a ma.ximum of 2,0 gm. per cent on the 7th day. The p and y 

' This work was done under contract with the Medical Division of the Chemical 
Warfare Service. 
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fractions could not be analyzed separately owing to poor electrophoretic 
separation. The dog was sacrificed on the 7th day o\ving to the large areas 
of skin necrosis. 

Dry COi — large number of experiments were conducted to determine 
the procedures for effectively damaging skin ■with dry ice. It was found 
that the application of dry ice to the inner aspects of the back and front legs 
for 3 minutes destroyed the areas so treated. Dog 27 was severely burned 
by the above procedure. 1 day later, the skin was blistered and showed 


Tadlb I 

Eleclrophorelic Analysis of Scrum of Dog S8 after Burning with Water at IS" 


for 8 Seconds 


Bays after 
burning 

Protein In 100 ml. serum 


! Albumin 

1 

a-GlobuHo 

^‘Globulin 





im. 

gm. 


gtn. 

Em 

Control 


0.29 

2.00 

2.29 


1 


1.03 

1- 

17 

2.20 

■SB 

2 


1.36 

1.40 

2.76 

0.51 

3 


1.63 

1.68 

3.31 

0.57 

4 

2.01 

1.97 

1.68 

3.65 

0.57 

5 

2.01 

1.90 

1.42 1 

1 0.28 

3.60 

0.56 

7 

1.91 

2.00 

1.62 

3.62 

0.53 



CONTROL I j r 


Fig. 1. Electrophoretic patterns for Dog 26 after being burned with hot water 
under anesthesia at 73° for 6 seconds. 

some signs of weeping. On the 2nd day, there was considerable weeping 
and some necrosis. Owing to severe sloughing and signs of infection, the 
animal was sacrificed on the 5th day. 

The electrophoretic patterns and analyses are shown in Fig. 2 and Table 
II. At the end of the 1st day, the albumin concentration was almost 
halved and the a-globulin concentration was doubled. The concentration 
of ^-globulin, which was characterized by a spike, could not be determined. 
During the remainder of the experiment, the albumin concentration re- 
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mained low, the a-globulin fraction increased to 220 per cent above the 
control, and the ^-globulin spike persisted. The albumin to globulin ratio 
was increased considerably. 

Turpenline — ^This material was injected subcutaneously in 0.5 ml. quan- 
tities into six different sites on the backs of two dogs. Edema, inflamma- 
tion, and some necrosis were seen on the 3rd day. Sloughing began on the 
4th day. These animals were sacrificed on the 7th (Dog 32) and the llth 
(Dog 31) days owing to infection of the necrotic areas. 

The patterns for Dog 32 (Fig. 3) showed the characteristic spikes for the 
a- and iS-globulins. The decrease in albumin and the increase in a-globulin 


T.tBLE II 

EUclropTwrelic Analysis of Serum of Dog 37 after Burning tcilh Dry Ice (COj) 


Days lifter 
burning 

1 Protein la tOO ml. serum 

Albumin 

Albumin 

cc>Globuim 

^-GlobuHn *i“ 
■y-globulia 

Total globulin 

Globulin 


gm. 

mamm 

im. \ 

p3. 


Control 

3.33 


1.12 

1.77 

1.86 

1 

1.S8 


0.99 

2. 24 

0.S3 

3 

1.62 

2.10 

0.95 

3.05 

j 0.53 

5 

1.90 

2.00 

0.85 

1 

2.85 

1 1 

0.67 



CCKTROt • 3 OJltS 

Fig. 2. Electrophoretic patterns for Dog 27 after being burned with dry ico for 
3 minutes. 


concentrations (Table III) were pronoimced during the experimental period. 
The greatest changes were seen on the 3rd day after injection. 

Bone Fracture — Under nembutal anesthesia the tibia of the left leg of 
Dog 56 (Table IV) was fractured under sterile conditions, through a small 
skin incision by means of an osteotome. A cast was applied immediately. 

The albumin concentration did not change during the 17 day period of 
observation. Both the oi- and aj-globulin fractions increased and the 
greatest change was noted on the 3rd day. The combined B and y frac- 
tions remained fairly constant. It should be emphasized that the trauma 
was minimal 
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Skin Trauma — h. dog was anesthetized and approximately 120 sq. cm. 
of abdominal skin were subjected to squeezing in a vise and by clamps, 
The crushed skin was paper-thin and some vesication was present inunedi- 


Table III 

Electrophoretic Analysis of Serum of Dog 32 Injected Subcutaneously with S.O Ml. 

of Turpentine 


Days after 
treatinent 

1 Proteio in 100 ml. scrum 

1 

Albumin 

1 Globulin 

Albumin 

jjjH^QIQQIII 

/}-GIobul!n 




gm. 

gm. 

gm. 

gm. 

gm. 

■M 

Control 

2.85 

1.30 

1.75 

3.05 


3 

1.61 

2.13 

1.75 1 

3.SS 

mmM 

5 

1.74 

1.78 

1.40 

0.49 

3.67 

0.47 

7 

1.84 

1.54 

1.45 

0.67 

3.66 

0.50 



CONTROL S S T 

Fig. 3. Electrophoretic patterns for Dog 32 after the subcutaneous injection of 
3.0 ml. of turpentine. 


Table IV 


Electrophoretic Analysis of Serum of Dog 68 after Bone Fracture 


Days after 
treatment 

Protein in 100 ml. scrum 

Albumin 

Globulin 

Albumin 

a;-Globulin 

ai-Globulin 

^-Globulin + 
Y-globulin 

Total globulin 


gm. 

gm. 

gm. 

gm. 

gm. 


Control 

2.67 

0.28 

0.46 

2.97 

3.71 

0.71 

1 

2.30 

0.59 

0.68 

2.73 

4.00 

0.57 

3 

2.39 

0.48 

1.04 

2.60 

4.12 

0.57 

8 

2.65 

0.38 

0.70 

2.68 

3.76 


10 

2.51 

1.48 

2.31 

3.79 


17 

2.56 

0.94 

2.59 

3.54 

0.72 


ately after the injury. The skin healed rapidly and the only sign of damage 
on the 4th day was a slight erythema. The distribution of the serum pro- 
teins was not affected during the 4 day period of observation. 
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DISCaSSION 

The present experiments demonstrate that injury causes changes in the 
distribution of the plasma proteins. Various types of injury, whether due 
to chemical or physical factors, appear to cause a decrease in the albumin, 
an increase in the oi-globulin fraction, and a change in the appearance of the 
/3-globulin pattern. Similar changes in the electrophoretic patterns are 
known to occur in a large variety of conditions involving inflammation or 
tissue destruction" in patients (2-6). 

The present study stresses the probability that the destruction and sub- 
sequent disintegration of tissue are directly responsible for the formation 
of a-globulin. This appears to be borne out by the latent period of several 
days before the a-globulin appears in appreciable amounts and by the ap- 
pearance of spikes in the electrophoretic pattern in the serum of an injured 
animal. "Work in progress indicates that at least one or possibly more new 
proteins, which have the mobility of a-globulin, appear in the blood. It 
would be interesting to determine, if possible, whether or not injury to 
various tissues would cause the formation of a variety of new plasma 
proteins. 

A decrease in albumin concentration is the earliest change seen in the 
serum after injury. This is probably due to a loss of albumin through 
damaged capillaries. Marked decreases are seen after thermal injury, 
e.xposure to mustard vapor, and turpentine injections in which large areas 
of skin are destroyed. 

The increased a-globulin concentration in the plasma of injured .animals 
may be associated with the formation of physiologically active materials. 
Menkin (7) discusses the presence of a number of active materials; i.e., 
leucotaxine, leucocytosis-promoting factor, necrosin, and pyrexin in globu- 
lin fractions of inflammatory e.xudates. Smith and Smith (8) describe the 
presence of a fibrinolytic enzyme and a toxic material which are associated 
with globulin fractions of menstrual fluid and the blood of menstruating 
women. The sera of patients with late pregnancy toxemia, eclampsia, and 
gynecological complaints are also fibrinolytic. These workers suggest that 
a proteolytic enzyme is produced by injured tissues. 

SUMIIABT 

1. The serum proteins of dogs were analyzed electrophoretically before 
^d after injury by (1) hot water, (2) cold (dry COj), (3) subcutaneous in- 
jection of turpentine, and (4) bone fracture. 

2. The albumin concentration decreased and the a-globulin fraction in- 
creased. Sharp spikes appearing in the a and /3 areas are interpreted as an 
mdication for the appearance of abnormal proteins in the serum. 
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3. It is concluded that severe tissue destruction in the dog causes marked 
changes in the distribution and type of proteins in the blood plasma. 
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URINARY PHENOLS 

U. EFFECT OP DIET ON THE PHENOLIC BODIES OP THE URINE* 

By JANE L. BANKERf and E. G. SCHMIDT 

(From the De-partment of Biological Chemistry, University of Maryland, School of 
Medicine, Baltimore) 

(Received for publication, June 14, 1946) 

During recent years renewed interest has been evinced in the phenolic 
bodies in the blood and urine (1-6). Thus abnormalities in the 
metabolism of phenolic compounds have been reported in connection with 
pernicious anemia (7), phenylpynivic oligophrenia (8-9), tyrosinosis 
(10), premature infants (11), ascorbic acid utilization (12), hepatic 
function (13), etc. Recently an improved method for urinary phenols 
was developed in this laboratory (14). By means of ether extraction 
at selective pH, more accurate and specific values for the urinary phenolic 
bodies can be obtained than with the older methods of Folia and Denis 
(15) and Theis and Benedict (16). The present communication is 
concerned with a study of the influence of diet upon the phenolic and 
nitrogenous constituents of the urine as determined by the more speci- 
fic methods. 


EXPERIMENTAL 

Methods and Materials — ^The various phenolic bodies were estimated 
by ether extraction and diazotization methods previously described (2). 
Free and total “phenols” were also determined by the less specific method 
of Folin and Denis (15). Total nitrogen was determined colorimetrically 
after oxidation of 1 cc. of 1 : 100 diluted urine and nesslerization. Values 
for amino acid nitrogen were obtained by the method of Sahyun (17) 
after slight modifications.^ 

Influence of Diet — In the first experiment three young women and one 
man (age 36) volimteered to go on an average diet for 3 days. They were 
then placed on a low protein-high carbohydrate diet for 3 more days 
and finally on a high protein-low carbohydrate regimen for 4 days. 

• Aided by a grant from the Breasler .\lumni Research Fund. 

t John F. B. Weaver Fellow in Biolo^cal Chemistry. 

* 5 cc. of urine were diluted to 50 cc. with distilled water, treated successively three 
times with 2.5 gm. portions of permutit, and then centrifuged, as the ammonia- 
containing permutit reacts with the naphthoquinone reagent. E-xcess alkali causes 
considerable irregularity in color production; hence final addition of NaOH was made 
with 0.01 N NaOH to a light pink to phenolphthalein. 
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24 hour urine specimens were collected and preserved in the cold shortly 
after voiding. The analytical data are given in Table I. The degree 
of effectiveness of the diets is revealed in the reduction in total nitrogen 
from an average high of 11.2 gra. to a low of 4.7 gm. (58 per cent) per 24 
hour specimen. A rise to 15.4 gm. (69.5 per cent) then followed the 
high protein intake. The amino acid nitrogen followed a similar al- 
though somewhat less marked pattern. 

Although each of the four individuals showed different levels of ex- 
cretion for the various urinary phenolic bodies, all values are within the 
normal range established in previous work (14). Since individual 

Table I 

EJfecl of Diet on Phenolic and Nitrogenous Constituents of Urine 
All values by the ether extraction, methods arc reported as mg. of phenol-p- 
cresol per 24 hour specimen, and amino acid nitrogen as mg. and total nitrogen as 
gm. per 24 hour specimen; by the Folin-Dennis method, as mg. of phenol per 24 
hour specimen. 
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31 
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72 
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8 
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45 

63 

33 
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87 
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37 

84 

45 
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16.4 

10 

tl tt 

HI 

1.3 

44 

74 

49 
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105 
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responses to the various diets were essentially alike, only the average 
values for each constituent for the four experiments are reported. The 
data in Table I indicate, however, that the output of urinary phenolic 
bodies was not markedly influenced by the dietary changes. While 
conjugated and total phenols seemed to be depressed slightly by the low 
protein diet, the concentrations of free and conjugated aromatic hydroxy 
acids were not influenced by either the low or the high protein diets. 
Values for the total phenolic bodies were not appreciably altered except 
for a slight elevation following several days of high protein ingestion. 
“Phenols” by the Folin-Denis method were found to decrease slightly 
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and then to rise again when protein was ingested in larger amounts. These 
changes are due in part to variations in the concentration of amino acids, 
since this method is sensitive to tyrosine, histidine, etc. 

In the ne.xt experiment a young man, following an average diet, had 
adequate caloric intake supplied e-xclusively by glucose for 3 days. This 
regimen was followed by a high carbohydrate-low protein intake for 3 days 
and finally by a high protein diet for 4 more daj's. The analytical data in 
Table II indicate that urinary total nitrogen and amino acid nitrogen de- 
creased and then rose to the high levels as e.xpected. While the output of 

Tabid II 

Effect of Diet on Phenolic and Nitrogenous Constituents of Urine 

-•Ul values by the ether e.vtraction methods are reported as mg. of phenol-p- 
cresol per 24 hour specimen, and amino acid nitrogen as mg. and total nitrogen as 
gm. per 24 hour specimen; by the FoUn-Denis method, as mg. of phenol per 24 hour 
specimen. 
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free and conjugated phenols was not significantly altered by the variations 
in the diet, a marked decrease in free aromatic hydro.xy acids, from 92 to 
26 mg. of phenol-p-cresol (72 per cent), in conjugated aromatic hydroxy 
acids, from 51 to 24 mg. (54 per cent), and in total acids, from 140 to 50 
mg. (65 per cent), occurred upon the exclusive glucose intake. These 
values, however, returned to normal levels even with a low protein diet. 
However, in this experiment, the output of both phenol and aromatic 
hydro.xy acids was considerably increased above normal by the high protein 
diets. It seems obvious that drastic dietary regimens must be employed 
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in order to produce changes in phenolic output beyond the ordinary nor- 
mal range. Values by the Folin-Denis method decreased in response to 
the declme in aromatic hydroxy acids and amino acids resulting from the 
low protein intake. 


SUMMARY 

1. The influence of protein intake upon the output of phenolic and nitrog- 
enous constituents of the urine, as measured by more specific methods, 
has been studied. 

2. Significant changes in the concentration of urinary phenolic bodies 
beyond the normal range of values was not observed unless protein was 
rigidly eliminated from the diet. 
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III. EFFECT OF DIET A^JD PHTHALYLSULFATHIAZOLE OX THE 
URIXARY PHEXOLS OF THE DOG* 

Bt JAXE L. BAXIvERf a.nd E. G. SCHMIDT 

{From the Department of Biological Chemistry, University of Maryland, School of 
Medicine, Baltimore) 

(Received for publication, June 14, 1946) 

Urinary phenols are believed to be products of exogenic origin, foiined 
by the putrefactive action of intestinal bacteria on the aromatic amino 
acids. The influence of relatively insoluble sulfonamides on the bacterial 
flora of the intestinal tract has stimulated considerable interest (1-3) and 
the biochemical response to these antibiotics has been duly reported (4-8). 
In the present work, the influence of diet and also phthalylsulfathiazole 
(sulfathalidine) on the urinary phenolic bodies of the dog was investigated. 

EXPEKIilEXTAL 

Influence of Diet — young, male dog weighing about 10 kilos, was 
placed in a metabolism cage and ^ven an adequate amount of a commercial 
dog ration (Kasco brand) twice daily. Water was available at all times. 
The feces were removed, whenever possible, shortly after defecation, in 
order to minimize contamination. The urine was collected several times 
daily and preserved in the refrigerator. Each 48 hour specimen was mixed 
and centrifuged to remove extraneous material. This routine was con- 
tinued for 10 days until the concentration of the various urinary con- 
stituents had attained reasonably constant values. Then a protein-free 
solution containing adequate amounts of sucrose, electrolytes, and vitamins 
(9) was given for 6 days. The dog ate these sugar solutions with relish. 
The urine was analyzed for the various phenolic fractions, amino acid 
nitrogen, total nitrogen, etc., by methods outlined in Paper II. 

The data, given in Table I, show that the output of phenolic bodies, 
amino acids, and total nitrogen decreased greatly immediately upon inges- 
tion of the protein-free sugar solutions. Thus the free phenols decreased 
from 2.0 to 0.37 mg. of phenol-p-cresol per 48 hour specimen (81 per cent), 
conjugated phenols from 11.8 to 6.0 mg. (49 per cent), free ether-soluble 
aromatic hydroxy acids from 93 to 25 mg. (73 per cent), and conjugated 
aromatic hydro.xy acids from 112 to 33 mg. (71 per cent), respectively. 
Phenols by the Folin-Denis (10) method, amino acid nitrogen, and total 

* Aided by a grant from the Bresaler Alumni Research Fund. 

t John F. B. Weaver Fellow in Biolopcal Chemistry. 
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Table I 

Effect of Diet on Phenolic and Nitrogenous Constituents of Urine of Dog 
All values by the ether extraction methods are reported as mg. of phenol-p- 
cresol per 48 hour specimen, and amino acid nitrogen as mg. and total nitrogen as 
gm, per 48 hour specimen; by the Folin-Denis method, as mg. of phenol per 48 hour 
specimen. 
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Table II 

Effect of Phlhalylsulfathiazole on Phenolic and Nitrogenous Constituents of 

Urine of Dog 

All values expressed per 48 hour specimen; values by the ether extraction methods 
as mg. of phenol-p-cresol and by the Folin-Denis method as mg. of phenol. 
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nitrogen decreased markedly as expected. The data also indicate that, 
following ingestion of the sucrose diet for several days, the output of 
phenolic and nitrogenous bodies tends to level off and remain relatively 
constant. Whether this is the actual minimum level of formation and 
excretion, however, can only be proved by more extensive and prolonged 
experiments. WTiile there is some indication that a portion of these phe- 
nolic bodies may have an endogenous origin, the evidence is not conclusive. 
It is interesting to note that the urine of the dog on the Kasco diet, calculated 
on a 24 hour basis, contained fewer phenols than have been previously 
reported for human urine (11). However, both urines contained ap- 
proximately the same amounts of aromatic hydroxy acids. 

Influence of Phthalylsulfathiazole on Urinary Phenolic Bodies — ^The 
administration of poorly adsorbed sulfonamides to alter the bacterial flora 
of the intestinal tract has become a well established clinical procedure. 
Poth and Rosa (3) found that the Clostridia and coliform bacteria are re- 
duced to very low levels in the feces of the dog and thataU anaerobic vege- 
tative organisms disappear within 48 hours after administration of phthal- 
ylsulfathiazole. However, the drug was found to be inefi’ective against 
a-Streptococcus fecalis, Bacillus proteus, and the typhoid and paratyphoid 
organisms. Hence the feces never become completely sterile. This drug 
does not produce liquid stools and is also more effective than succinyl- 
sulfathiazole in altering the coliform flora. 

The dog was given 10 gm. of the phthalylsulfathiazole mixed with an 
adequate amoimt of the ration (Kasco) every 24 hours. The feedings were 
divided into six equal 4 hour periods and continued for 12 days. The 48 
hour mine specimens were preserved in the cold and subjected to the usual 
analyses. The presence of sulfonamides introduced certain analytical 
complications' since they react with the diazotized p-nitroamline reagents 
used in the phenol determinations. Immediately after defecation the stool 

* While the presence of the sulfonamides in the urine does not interfere with the 
Folin-Denis method for phenols and only slightly with that for amino acid nitrogen, 
it does complicate the procedures involving ether extraction, since some of the drug 
is slowly extracted by the ether and comes out of solution in the receiver. However, 
it goes back into solution again upon the addition of alcohol. Therefore an aliquot 
of the ether-alcohol extract was evaporated to dryness, taken up in water contmning 
8 per cent p-toluenesulfonic acid, and analyzed for free and total sulfathiazole by 
the Bratton-ilarshall method (12). Hther extracts of sulfonamide-free urines yield 
no appreciable color with these reagents. By colorimetric determinations at various 
concentrations it was found that 1 part of the phenol-p-cresol mixture yields as much 
color with the diazotized p-nitroaniiine as 8 parts of sulfathiazole or acetylsulf- 
athiazole. While the color given by the sulfonamides in the ether-alcohol extract 
of the urines was not excessive, the amount was deemed necessary for correction. 
This was effected by adding an amount of sulfathiazole to the phenol-p-cresol 
standard eqtiivalent to that found by analysis in the ether extracts. 
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specimens were studied bacteriologically by the general procedure outlined 
by Poth and ICnotts (2) and in a private communication from the Sharp and 
Dohme laboratories.® 

The chemical and bacteriological data are given in Table II. The 
number of coliform bacteria rapidly decreased to negligible amounts shortly 
after administration of phthalylsulfathiazole. However, the concentra- 
tion of the various phenolic bodies in the urine was not greatly influenced 
by this change in fecal flora. While a moderate decrease in urinary phenols 
was observed, the formation and output of aromatic hydroxy acids and total 
phenolic bodies were not markedly influenced by the ingestion of the sul- 
fonamide. Obviously, the administration of the protein-free sucrose 
solution was far more effective in reducing the concentration of the various 
phenolic bodies in the urine. The amino acid and total nitrogen content 
of the urine remained relatively unchanged during the experiment. Since 
the feces are not completely sterilized by phthalylsulfathiazole, it seems 
apparent that most of the phenol-producing organisms are not inhibited 
by this sulfonamide. 

We are indebted to Sharp and Dohme, Inc., Philadelphia, for a generous 
gift of phthalylsulfathiazole and to Dr. F. Hachtel of the Department of 
Bacteriology of this school for helpful cooperation in the bacteriological 
studies. 


SUMMARY 

1. The ingestion of a protein-free diet of sucrose, salts, and vitamins 
resulted in a marked decrease in the urinary phenolic bodies of the dog. 

2. The addition of phthalylsulfathiazole to a commercial dog ration 
did not reduce greatly the formation and excretion of phenolic bodies in 
the urine. 
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USE OF SDLFASUXIDINE, STREPTOTHRICIN, AND 
STREPTOMYCm IN NUTRITIONAL STUDIES 
WITH THE CHICK* 

Br P. R. MOORE, A. EVENSON, T. B. LUCKEY, E. McCOY, C. A. ELVEHJEM, 

AND E. B. HART 

(Prom the Departments of Biochemistry and Agricultural Bacteriology, College of 
Agriculture, Unitersily of Wisconsin, Madison) 

(Received for publication, June 27, 1946) 

Sulfonamides are known to alter the intestinal flora of animals, with a 
consequent change in the synthesis of certain vitamins by the intestinal 
bacteria (1-5). This altered synthesis may in turn lead to an increased 
dietary vitamin requirement for some animals or invoke new requirements 
in others. For example, the inclusion of 1 per cent of sulfasuxidine in the 
diet of chicks increases their folic acid requirement about 3-fold (6). 

The question then naturally arises whether other bactericidal or bac- 
teriostatic agents could produce still different changes in the intestinal 
flora and lead to increased requirements for other vitamins or to new types 
of deficiencies. Further, a reverse phenomenon could possibly be en- 
countered; namely, the inhibition of certain bacterial groups which might 
decrease the growth of the animal either through the consumption and 
consequent immobilization of vitamins or through the production of toxic 
compounds. Finally, a drug or combination of drugs that would com- 
pletely inactivate all bacteria in the intestinal tract would be highly de- 
sirable, since investigators would be provided with an essentially sterile 
animnl and vitamin requirements could be studied uncomplicated ,by 
“intestinal vitamins” or toxic substances. This investigation was carried 
out with the latter view in mind. 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Wisconsin .-Uumni Re- 
search Foundation, Swift and Company, Commercial Solvents Corporation, and by 
funds granted by the American Dairy .Association. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for the crystal- 
line vitamins and streptothricin; to Wilson and Company, Inc., Chicago, for gelatin; 
to The Wilson Laboratories, CWcago, for liver fraction L and whole liver substance; 
to Allied Mills, Inc., Peoria, Dlinois, for soy bean oil; to Dr. B. L. Hutchings of 
the Lederle Laboratories, Inc., Pearl River, New York, for synthetic folic acid; to 
Sharp and Dohme, Inc., Philadelphia, Pennsylvania, for sulfasuxidine; to the .Abbott 
Laboratories, North Chicago, Illinois, for haliver oil; to E. I. du Pont de Nemours 
and Company, Inc., New Brunswick, New Jersey, for crystalline vitamin D,; and to 
Dr. J. M. McGuire of Eli Lilly and Company, Inchanapolis, Indiana, for strepto- 
mycln. 
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EXPERIMENTAL 

Day-old white Leghorn cockerels obtained from a commercial hatchery 
were maintained in electrically heated cages with raised screen bottoms 
and fed a basal ration consisting of dextrin 61 gm., alcohol-extracted casein 
18 gm., gelatin 10 gm., Salts 5 (7) 6 gm., soy bean oil 5 gm., Z(— )-cystine 
300 mg., f-inositol 100 mg., thiamine hydrochloride 0.3 mg., riboflavin 
0.6 mg., calcium pantothenate 2.0 mg., choline chloride 150 mg., nicotinic 
acid 5 mg., biotin 0.02 mg., pyridoxine hydrochloride 0.4 mg., 2-methyl- 
1,4-naphthoquinone 0.05 mg., and a-tocopherol 0.3 mg. In addition each 
chick received weekly by dropper 1200 U. S. P. units of vitamin A and 120 
A. 0. A. C. units of vitamin Dj. After 3 days on the basal diet chicks 
within a 10 gm. weight range were divided into uniform groups of six and 
given the supplements shown in Table I. Streptomycin, streptothricin, 
and sulfasuxidine supplements were ground in a mortar with 10 gm. of the 
casein prior to inclusion in the diet. All e.xperiments were terminated 
when the chicks were 4 weeks old and representative groups were chosen 
for bacteriological analysis of their cecal contents (8). 

Results 

The addition of 5000 units of streptothricin per 100 gm. of basal diet 
had no significant effect on growth or suiwival of the chicks, while levels 
of 10,000 units or more proved toxic. The addition of 500 y per cent 
of folic acid proved ineffective in counteracting this to.xicity. Liver 
eluates, whole liver substance, Wilson’s liver fraction L singly or in com- 
binution with 500 y per cent of folic acid were like^vise found ineffective. 
Histamine hydrochloride at a level of 0.02 per cent was found non-toxic 
to the chicks. 

Rather unexpected results were obtained with streptomycin in that 
increased growth was observed when this compound was fed together with 
adequate amounts of folic acid (compare Groups 11 and 12 \vith Group 4). 
Similarly, chicks receiving sulfasuxidine and 500 y per cent of folic acid 
exhibited increased growth over those fed folic acid alone. A combination 
of sulfasuxidine and streptomycin in addition to the 500 y per cent of folic 
acid produced a decreased growth when compared to either compound 
alone but an increased growth over the 500 y per cent of folic acid control 
group. This observed growth stimulation by sulfasuxidine and strepto- 
mycin is interesting, since it suggests the inhibition of intestinal bacteria 
that are either producing to.xic materials or are rendering certain dietary 
vitamins unavailable to the animal, an effect different than that usually 
encountered with sulfonamides. In this latter connection it is worth 
noting that Parsons (9) has induced a thiamine deficiency in humans by 
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Tabie I 
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* Bacterial counts are given in terms of the number of bacteria per cc. of cecal 
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t Weights for Groups 1 and 2 are based on twenty-four chicks, 

t An alcohol-water-ammonia eluate of a charcoal adsorbate of liver fraction L. 
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§ Succinylsulfathiazole. 

U A concentrate containing 300 units per mg. 













440 


ANTIBACTERIAIi AGENTS IN C3HICK 


feeding large amounts of live yeast which supposedly is utilizing dietary 
thiamine for its own metabolism, thus leaving inadequate amounts avail- 
able to the host. However, the possibility that these agents are acting 
systemically cannot be overlooked. Parenthetically, streptomycin did 
not appear to increase the biotin requirement of the chick above 20 y 
per cent in contrast to the report of Emerson and Smith (10) who have 
induced biotin-like deficiency symptoms in rats by the oral administration 
of streptomycin. This different response indicates that the chick relies 
almost entirely on an external source of biotin and any synthesis occurring 
in the intestine is negligible. Alternatively, a partial sjmthesis of biotin 
might occur in the chick intestine but the organism responsible for this 
synthesis is not affected by streptomycin as in the case of the rat. 

AH of the sulfonamides failed to sterilize the intestinal tracts of the 
chicks and no significant decreases in the total count of the intestinal 
bacteria were observed (Table I). The number of animals used for the 
bacteriological studies was limited but the results substantiate the findings 
of Smith and Robinson (11) that orally administered streptomycin pro- 
duces a marked reduction in the coliform bacteria of the feces. It is 
interesting to note that in the chicks receiving a low folic acid diet (Group 1) 
the coliform bacteria were the predominant microorganisms, while in the 
presence of folic acid (Group 4) the Lactobacilli predominate. Experiments 
are now in progress to verify this observation further. 

SUMMARY 

Streptothricin at levels of 5000 units per 100 gm. of purified diet is 
readily tolerated by the chick but when given at levels of 10,000 units or 
more is toxic. No toxicity was observed when streptomycin was fed at 
levels of 50,000 units per 100 gm. of diet. Sulfasuxidiue and streptomycin 
singly or in combination lead to increased growth responses in chicks re- 
ceiving our basal diet supplemented with adequate amounts of folic acid. 
Streptothricin, streptomycin, sulfasuxidine, or a combination of strepto- 
mycin and sulfasuxidine failed to sterilize the intestinal tract of chicks, 
but produced a marked reduction in the coliform bacteria of the cecal 
contents. 
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DETERIVnNATION OF LIPASE ACTIVITY 

Br REGINALD M. ARCHIBALD 
With the Techhicae Assistance of P. Ohtiz 

(Front the Hospital 0 / The Rockefeller Institute for Medical Research, New York) 

(Received for publication, June 29, 1946) 

Heretofore most methods for the determination of lipase activity have 
employed emulsions of fatty acid esters in water (1). These emulsions 
have been stabilized by use of such agents as gum acacia. The disad- 
vantages of such methods are that (1) the emulsions break up to a con- 
siderable and variable extent during the course of the incubation, and (2) 
the enzyme is presumed to be in the aqueous phase, whereas the substrate 
is only dispersed (not in solution) in the aqueous phase. Attempts to 
study the relation of substrate concentration to rate of hydrolysis are com- 
plicated by the fact that the substrate and enzyme are in different phases. 
The rate of hydrolysis in these cases is dependent partly on the degree of 
dispersion of the substrate rather than on its concentration. 

Some of the commercially available esters* of sorbitan and fatty acids 
are completely soluble in water. Use of solutions of these esters permits 
one to study the effect of substrate concentration on enzyme activity and 
eliminates the complications which attend the use of emulsions. Gomori 
(2) has employed esters with the trade names Tween 40 and Tween 60* 
as substrates to detect, and to localize histolopcally, lipase activity in 
sections of tissue. This paper outlines a method of measuring quantita- 
tively lipase activity in which an aqueous solution of a polyoxyalkylene 
derivative of sorbitan monolaurate is used as substrate.* For convenience 
this substrate will be designated hereafter by its trade name. Tween 20. 

Apparatiis — 

Burette, 10 cc. It is convenient to employ a burette connected with a 
reservoir for HaOH. Both burette and reservoir should be fitted with 
soda Ihne tubes to protect the NaOH from atmospheric CO;. 

SO cc. glass-stoppered bottles (Pyrex) or SO cc. heavy walled test-tubes with 
footed stirring rods 2 inches longer than the test-tubes. 

‘ Tweeng and Spans are obtained from the .\tlaa Powder Company, Wilmington 
99, Delaware. Tween 20, a clear yellow liquid, is a mixture of polyoxyalkylene 
derivatives of an eater of 1 mole of fatty acid per mole of sorbitan. .Hthough the 
Tween contains more than one ester, the composition of different batches is so uni- 
form that actiidties, as determined with three different lots, were identical. Tween 
and Span are registered United States trade marks. 
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Reagents — 

Syrupy phosphoric acid. 

NaH^POvHtO. 

2-M ethyl-2 , 4-pentanediol.^ 

Ether Mixture A, 1 part of diethyl ether and 2 parts of petroleum ether. 

Ether Mixture B, 5 parts of diethyl ether and 1 part of petroleum ether. 

Phosphate buffer, 0.5 M, pH 6.8. 

0.01 N NaOH solution. 

Solution of Tween 20,^ 50 per cent (by volume) solution of the fatty 
acid-free Tween in water titrated to pH 6.8 with 18 N NaOH. This 
should be prepared fresh daily. 

Removal of Free Fatty Acid from Tween — 30 cc. of Tween 20^ and 50 cc. 
of the ether Mixture A are placed in a 100 cc. glass-stoppered bottle; 
0.25 cc. of H3PO4 is added. The mixture is shaken vigorously by hand 
for 15 seconds, then centrifuged (in the stoppered bottle). With the aid 
of a vacuum line or -water vacuum pump the supernatant ether layer 
containing the fatty acid is removed through a capillary. Another 25 cc. 
of ether Mixture A are added and the shaking, centrifugation, and with- 
drawal of supernatant are repeated. The ether dissolved in the Tween 
layer is then removed by appl 3 dng a partial vacuum. The Tween from 
which the free fatty acids have been removed is adjusted to pH 6.8 with 
NaOH, then decanted from the subnatant crystals of sodium phosphate. 

Alternative Method of Removing Fatty Acids — 30 cc. of Tween 20 and 
0.25 cc. of syrupy phosphoric acid are placed in a Kutscher-Steudel (3) 
extractor and extracted for 4 hours with Mixture A. Nearly all of the 
fatty acid and a small amount of an almost colorless fraction of Tween 
are extracted by the ether mixture. The residual Tween is then neutralized 
■with,18 N NaOH (about 0.20 cc.) and the dissolved ether is removed under 
reduced pressure. 

Preparation of Lipase Solution — ^The lipase preparation should be 
freshly diluted with water so that 1 cc. will liberate between 0.01 and 0.09 
mM of fatty acid per hour; 0.5 cc. of a 1 per cent suspension of commercial 
pancreatic lipase liberates about 0.06 mw per hour at 25°. 

Procedure with Glass-Stoppered Bottles — 3 cc. of 50 per cent solution of 
neutralized Tween 20, 0.5 cc. of phosphate buffer, and 0.5 cc. of lipase solu- 
tion are mixed in a 30 cc. glass-stoppered Pyrex bottle and allowed to 
react for 1 hour at 25°. As a control, in a second bottle, another portion 
of the neutralized Tween 20 solution is set up simultaneously with buffer 
but without lipase. Lipase solution for the control is allowed to stand 
in a separate container, and added to the control solution later. At the 

* 2-Methyl-2,4-pentanediol is obtained from the Commercial Solvents Corporation. 
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end of the reaction, period, 1.6 gm. of solid NaHjPOfHiO and 15 cc. of 
the ether ilixture B are added to each. After mixing the solid phosphate 
with the solutions, 0.5 cc. of lipase solution is added to the control. Both 
bottles are stoppered and shaken vigorously for 30 seconds, then cen- 
trifuged. "With the aid of suction and a fine capillary the subnatant 
aqueous solution of phosphate and the intermediate layer of Tween are 
removed from each bottle. By tilting the bottles aU but a drop or two of 
Tween can be removed without loss of ether. The ether is then readily 
decanted into clean 25 cc. beakers. Each bottle is rinsed twice with 3 
cc. portions of the ether mixture and the washings are added to the cor- 
responding beakers. 

A 0.5 cc. portion of 2-methyI-2,4-pentanediol is added to each beaker 
and the ether is evaporated by placing the beaker on a warm surface. 
The diol keeps the fatty acid in solution. 1 drop of tfaj-mol blue is added 
to each residue and the acid is titrated with 0.01 n KaOH. If ethyl alcohol 
is used to replace the diol, the color at the end-point is transient, owing 
presumably to oxidation of alcohol to acetic acid. 

Alternative Procedure with Test-Tubes for Incubation and Extraction — 
Incubation and extraction can be conducted in test-tubes almost as readily 
as in glass-stoppered bottles. When test-tubes are employed, the pro- 
cedure is exactly as outlined above except that the ether and aqueous 
phases are mixed by the rapid up and down motion of a footed stirring rod. 
The layers can be mixed thoroughly and easily without loss of fluid pro- 
vided the foot of the rod is kept below the upper surface of the ether phase 
during the mixing. After 4 minutes mixin g the rod is removed and the 
tube is capped and centrifuged (4000 K.p.ii.) for 5 minutes. 

Ccdculalian — ^The milliequivalents of acid split off per hour = {D — C)/ 
(100 X T) where D = the cc. of 0.01 n NaOH required to titrate the acid 
extracted from the digest, C = the cc. of NaOH required by the control, 
and T = the duration of the incubation in hours. 

Discussion of Method 

A polyoxyalkylene derivative of a sorbitan lauric acid ester was selected 
as a substrate in preference to an ester of other acids, because it is com- 
pletely soluble in water. Furthermore, lauric acid esters are said to be 
split by pancreatic lipase more readDy than esters of other acids ((1), p. 70).’ 
Although triglycerides are said to be more rapidly hydrob'zed than di- 
or monoglycerides, the polyo.xyalkylene sorbitan monolaiurate was em- 
ployed because of its complete solubility in water. 

Tween 20, in the absence of water, is soluble in diethyl ether, but in- 

♦ Approximately 60 per cent of the fatty acid in Tween 20 ia lauric add. 
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Fiq. 1. Curve showing the relation of enzyme activity at 25° and pH 6.8 to the 
concentration of Tween 20 in the reaction mi-xtures; 0.5 cc. of 2 per cent pancreatic 
lipase was added to 3.5 cc. of the mi.vture of Tween and buffer. 



Fig. 3. Curve showing the relation of enzyme activity at 25° to pH. 0.5 cc. 
aliquots of a 1 per cent pancreatic lipase were added to mixtures of 0.5 cc. of buffer 
and 3 cc. of 50 per cent Tween 20. 

soluble in petroleum ether. If higher concentrations of petroleum ether 
are employed in place of Mixture A, the free fatty acid would be removed 
less completely. Higher concentrations of ethyl ether would result in 
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the extraction of too much Tween. In the presence of water the Tween 
is much less soluble in ethyl ether. Hence a larger ratio of ethyl ether is 



Fig. 3. Curve showing the effect of temperature on the amount of acid liberated 
from Tween by pancreatic lipase. Except for temperature the conditions were as 
outlined in the procedure for determination of lipase activity. 



Fig. 4. Curve showing the relation of the amount of enzyme present to the amount 
of acid liberated from the substrate in 1 hour. The substrate concentration is 
37.5 per cent. 


used in Mixture B. If the ratio of petroleum ether is increased much over 
that recommended for Mixture B, difficulty will be experienced in ob- 
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taining clear supernatant solutions. It is important to add sufficient 
NaH 2 P 04 *H 20 to saturate the aqueous phase; otherwise the three phases 
(ether, Tween, and phosphate solution) will not separate sharply. 

Results 

Fig. 1 indicates how the amount of fatty acid liberated in the presence 
of a constant amount of pancreatic lipase varies with the concentration 
of substrate at 25° and pH 6.8. 

Fig. 2 shows how the pH of the mixture (with phosphate buffer) affects 
the rate of hydrolysis by pancreatic lipase when the substrate concentra- 
tion is constant (at 37.5 per cent). 

Fig. 3 illustrates the effect of temperature on the rate of reaction of pan- 
creatic lipase in a 37.5 per cent solution of Tween 20 at pH 6.8. 

Fig. 4 indicates the amount of hydrolysis obtained with varying amounts 
of enzyme at pH 6.8. 

The data presented in Figs. 1 to 4 indicate the application of the method 
to the determination of lipase activity in preparations of defatted pancreas. 

Discussion of Results 

The fact that the rate of action of lipase increases as the substrate con- 
centration is increased up to 37.5 per cent is not surprising in view of 
the fact that the action of the enzyme is so readily reversible and that 
equilibrium with oleic acid is reached when about 50 per cent (in the 
case of pancreatic lipase) (4) or 40 per cent (in the case of Ridnxis lipase) 
(5) of the fatty acid is combined with glycerol ((1), p. 68). 

The author is indebted to Dr. B. Davis for outlining his somewhat similar 
method for the determination of fatty acid. 

SUMMARY 

1. A simple method for the determination of lipase activity is presented. 
A substrate. Tween 20, which is completely soluble in water is employed . 
A reaction period of 1 hour is adequate. 

2. The optimum pH, temperature, and concentration of substrate for 
the system have been demonstrated. 

BIBLIOGRAPHY 

1. Bloor, W. R., Biochemistry of the fatty acids, New York (1943). 

2. Gomori, G., Proc. Soc. Exp. Biol, and Med., 68, 362 (1945). 

3. Kutscher, P., and Steudel, H., Z. physiol. Chein., 39, 473 (1903). 

4. Artom, C., and Reale, L., Bull. Soc. chim. biol., 18, 959 (1936). 

5. Armstrong, H. E., and Gosney, H. W., Proc. Roy. Soc. London, Series B, 88, 176 

(1914). 



A DIETARY FACTOR ESSENTIAL FOR GUINEA PIGS* 

IX. TISSUE METABOLISM DURING THE DEFICIEXCY 
By WILLEM J. vaj; WAGTENDONK aot DONALD H. SniONSENf 
{Frcm the Department of Chemistry, Oregon State College, Cortallis) 
(Received for publication, June 17, 1946) 

Relatively few data are available demonstrating the effect of vitamin 
deficiencies up on the respiratory mechanisms of animal tissues. ChevaUier 
and Roux (1) investigated the effect of added vitamin A to liver slices of 
vitamin A avitaminotic rats and guinea pigs and compared this effect with 
that obtained when vitamin A was added to liver slices of these animals 
receiving an adequate amount of vitamin A. No difference in the oxygen 
uptake was noted. Shibata (2) reported a slight increase in the oxygen 
consumption of the liver from rats during avitaminosis A. The kidneys 
and spleen of the same animals had a lower respiratory rate than those of 
normal animals. Ruddy*(3) concluded from her observations that ^tamin 
A is not important in the respiration of liver tissues. Stotz, Harrer, 
Schultze, and lUng (4) observed a marked increase in the oxygen uptake of 
liver slices from scorbutic guinea pigs, as compared to that of normal ani- 
mals. Shibata (2), on the contrary, reported no changes in the liver 
respiration and only a slight inhibition of the respiratory rate for the kidney 
of vitamin C-deficient guinea pigs. The effects of a thiamine deficiency 
upon the respiratory rate of rat tissues have been described by several 
investigators. Goldschmidt and Lewin (5) reported a decrease in the oxy- 
gen uptake of liver slices of vitamin Bi avitaminotic rats. Under similar 
conditions, according to Hastings, iMuus, and Bessey (6) and Muus, W'eiss, 
and Hastings (7) the ventricular muscle tissue of the rat heart retains its 
normal rate of respiration, whereas the rate of the o.xygen consumption of 
auricular tissue is doubled. Addition of thiamine to the substrate de- 
creased the oxygen consumption of the avitaminotic liver, while it markedly 
increased that of normal liver. Respiration of the diaphragm is accelerated 
dining riboflavin deficiency (6). 

* Supported by grants from the Williams-Watennan Fund of the Research Cor- 
poration and from the General Research Council of the Oregon State System of 
Higher Education. 

t Based in part on a thesis submitted by one of the authors (D. H. S.) in partial 
fuI61ment of the requirements for the degree of Master of Arts, Oregon State College. 
A part of this study was presented before the Division of Biological Chemistiy at 
the 109th meeting of the .American Chemical Society at Atlantic Citj', .April S-12, 
1946. 
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Muscular dystrophy is generally accompanied by an increased oxygen 
consumption in the muscle (8, 9). ICaunitz and Pappenheimer (10) ob- 
served changes in the in vitro oxygen consumption of rat and chick muscles 
during vitamin E deficiency. The oxygen uptake of both the rat and chick 
muscles increased, while that of the rat liver remained unchanged. Hou- 
chin (11) and Houchin and Mattill (12) have confirmed these results with 
experiments on the muscle tissue from hamsters and rabbits deficient in 
vitamin E. These authors suggest a direct action of vitamin E upon the 
succino.xidase system. 

Guinea pigs raised on a diet deficient in the antistilYness factor (13) 
develop a characteristic syndrome (14). The first outward sign of the de- 
ficiency is the development of a stiffness at the wist joint. In the ad- 
vanced stages of the deficiency the muscles are found to be extremely 
atrophied. The deficiency of this factor also results in an abnormal distri- 
bution of the acid-soluble phosphorus in the liver, kidneys (15), and 
muscle (16) of the experimental animals. The fractions representing ade- 
nosine tri- and diphosphate in these tissues are lowered far below normal. 
An abnormal aerobic and anaerobic glycolysis pf these tissues could be 
expected as a result of the changes in the phosphorus distribution mentioned 
above. A significant derangement of both mechanisms was found in 
all tissues. 


EXPERIMENTAL 

Method 

Guinea pigs, weighing from 300 to 350 gm., were segregated as to sex 
and housed in clean cages on autoclaved straw. The animals were fed ad 
libitum the deficient diet as described by van Wagtendonk (15). This diet 
consisted of skim milk powder to which adequate amounts of water, min- 
erals, and the known vitamins were added. The average daily food intake 
was 280 gm. The animals on the deficient diet gained as regularly in weight 
as the animals receiving a stock diet (consisting of rolled barley and greens), 
the average weekly gain in weight being 20 to 30 gm. in the 1st year. In 
the later stages of the deficiency a cessation of growth and loss of weight 
occurred. The experimental animals did not show signs of any deficiency 
diseases, except a constantly increasing stiffness at the wist joint. 

Preparation of Tissue Slices — ^The animals were sacrificed at various inter- 
vals by decapitation. The tissues (liver, kidney, and muscle) were excised 
as rapidly as possible and transferred to a cold moist chamber for slicing 
(17). Liver slices of desired thickness (±0.5 mm.) were prepared with the 
Martin sheer (18). Slices of the kidney cortex were cut with a modified 
Terry microtome (19). The muscle strips were teased out of the hind legs 



VAX WAGTEXDOXK AND SEUONSEN 


451 


according to the method of Shore (20). The tissue preparations were im- 
mediately weighed and transferred to the conical fiaska of the Warburg 
respirometer, or to small drying tubes, and dried to constant weight at 
105“. 

DelermincUion of Oxygen Consumption — ^The oxygen consumption was 
determined with the Warburg respirometer at 37.0°; a phosphate-Ringer's 
solution modified according to Dickens and Greville (21) was used as 
substrate and purified oxygen as the gas phase. 0.2 cc. of 10 per cent KOH 
solution and a strip of filter paper were placed in the center well to absorb 
the carbon dioxide formed. 

Determination of Anaerobic Glycolysis — The anaerobic glycolysis was also 
determined with the 'Warburg apparatus at 37.0°, with the substrate de- 
scribed by Krebs and Henseleit (22). The alkali solution and the filter 
paper strip were omitted from the center well. The gas phase was a mix- 
ture of 95 per cent Nj and 5 per cent CO* purified in a unit modeled after 
that described by Savage and Ordal (23). Readings for both determina- 
tions were taken every 10 minutes for 90 minutes after a 15 minute equili- 
bration period. At least one duplicate determination was made on the same 
tissue and in a number of cases triplicate determinations were carried out. 

The oxygen consximption and the anaerobic glycolysis are expressed 
respectively per mg. of initial dry weight per hour as c.mm. of Oj at normal 
temperature and pressure (QoJ and c.mm. of COi (Qmi). ^"ith the wet 
to dry ratios of the different tissues (see Table I). The initial dry weight 
is used in preference to the final dry weight for the calculations of Qo, and 
Qcm because of the variability of the latter value resulting from imbibition 
of water (24) and the probability of incomplete recovery of tissue from the 
vessel at the end of the determination (25). 

Glycogen was determined by a direct colorimetric method (26). All 
data were analyzed statistically according to the methods of Fisher (27). 

Results 

For the series of animals used no significant difference could be notea 
between the initial w;et to dry ratio of the liver, muscle, and kidney cortex 
tissues of either the animals receiving the stock diet or those raised on the 
deficient diet (Table I). This ratio was also constant for aU deficient ani- 
mals regardless of the length of the period during which the skim milk diet 
was received. 

In Table II are represented the values obtained for the Qc, and QcA 
liver tissue of normal and deficient animals. The oxj'gen consumption 
increased, while the anaerobic glycolyas decreased during the deficiency. 
The Qot nnd the Qc^ attained the reported levels of respectively 4.08 and 
1.69 after the animals had consumed the deficient diet for 1 week. Ko 
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significant variations were found during the period of the investigation. 
The liver slices of animals which had received the diet for 77 weeks had a 
Qoi = 4.12 and a Q^o, = 1-95 (average of the values obtained from four gui- 
nea pigs). The value for the Qo, for normal guinea pig liver was found to 
be lower than generally reported (1, 4, 9, 28, 29). This can be explained by 
the fact that the methods used by other authors have not been adequately 
controlled (30).^ 


Table I y 

Water Content of Liver, Muscle, and Kidney Tissues of Guinea Pigs Raised on Stock 
Diet and on Diet Deficient in Antistiffness Factor 
Tissue samples were taken immediately after death and exsanguination, and 
dried to constant weight at 105°. All determinations were made in duplicate. The 
Qo, and QcOi ^ basis may be converted to Qo, and Qqq^ on a dry weight 

basis by multiplication by the wet to dry ratio. 


Tissue 

Diet 

No. of deter- 
miDations 

Mean per 
cent water 

Standard 

deviation 

Standard 

error 

Mean wet 
to dry ratio 

Liver 

Stock 


73.50 

0.23 

0.055 

3.77 


Skim milk 


72.15 

0.23 

0.058 

3.64 

Muscle 

Stock 

HI 

79.20 

0.49 

0.123 

4.80 


Skim milk 

24 

77.90 

0.49 

0.099 

4.51 

ICidney 

Stock 

15 

78.80 

0.34 

0.088 

4.70 


Skim milk 

21 

79.00 

0.35 

0.076 

4.73 


Table II 

Oxygen Consumption and Anaerobic Glycolysis of Liver Slices of Normal and 

Deficient Guinea Pigs 


Diet 

Qo, 

(20 determinations) 

COi 

1 

Mean :k sx- 

No. of 
detcnni- 
nations 

Mean dz s.£. 

Stock 

Deficient 

2.83 ± 0.18 (1.83-3.98) 
4.08 ± 0.20 (3.08-5.07) 

B 

3.04 ± 0.20 (1.95-4.10) 
1.69 ± 0.17 (0.69-2.80) 


The figures in parentheses indicate the range of observed values. 


Values for the two metabolic processes in deficient kidney cortex and 
muscle tissue are found in Table III. At first sight the situation in the 

1 It is interesting to note that the diet used by Stotz et al. (4) contained 50 per 
cent heated skim milk powder. Since the animals used in our investigations were 
adequately supplied with ascorbic acid, it might be suggested that the similar changes 
in the Qo, observed by these authors were not due to a vitamin C deficiency but to a 
deficiency of the antistiffness factor. 
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Mdney and the muscle seems to be the reverse from, that reported for the 
liver. A decrease of the Qo, becomes apparent only after the deficiency 
has progressed beyond the 10th week. Even then there vs a slight gradual 
decrease to a value of 6.70 which is attained after more than a year. Ap- 
parently no significant deviations from the normal values for the Q% are 
found. However, the kidneys of the deficient guinea pig are from 1.5 to 2 



Fig. 1. The oxj'gen consumption of tissues from deficient gmnea pigs (3o weeks 
deficient) before and after ad(hlion of adenosine triphosphate (.ATP). The side cup 
contained ATP dissolved in phospbate-Ringer’s buffer according to the procedure 
of Dickens and Greville (0,5 cc., 0.012 n) adjusted to a pH of 7.i. The main com- 
partment contained 1.5 cc. of phosphate-Ringer’s solution. .After the contents of 
the two cups (indicated by the arrows) were mixed, the final concentration of 
ATP was 0.003 ii. The points on the curves represent the averages from four dif- 
ferent animals (triplicate detemunations per tisane) . 

times larger than those of the nortoal animal of the same age. Since this 
is due to tissue proliferation {there is no difference in the wet to dry ratio, 
as reported in Table I), the value of these processes in the intact organ 
would be greater. It can be seen from Table III that the Qc, (total activ- 
ity) would remain constant; the (totod activity) on the other hand 
would increase. Some objections could be raised against this extrapola- 
tion, ance we only determined the rates of respiration and of anaerobic 
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glycolysis in the kidney cortex, while the proliferation of the kidneys is not 
solely due to proliferation of this tissue. However, the cortex is certainly 
the most actively metabolizing part of the kidney and, since this tissue, too, 
has proliferated, a calculation on the above basis would seem justified. 

The respiratory rate of muscle tissue decreases significantly only after 



Fia. 2. Anaerobic glycolysis of tissues from deficient guinea pigs (36 weeks de- 
ficient) before and after addition of adenosine triphosphate (ATP). The side cup 
contained ATP dissolved in bicarbonate-Ringer’s solution, according to the method 
of Krebs and Henseleit (0.5 co., 0.018 m), saturated with COj and carefully adjusted 
to pH 7.4. A careful adjustment of the pH of the solutions in the two compart- 
ments is essential. If the pH of the ATP solution is 0.1 unit lower than that of the 
substrate, mixing will cause a change of pressure corresponding to 20 mm. of Brodie’s 
fluid, due to liberation of COj. The main compartment contained 2.5 co. of bicar- 
bonate-Ringer’s solution treated similarly. After the contents of the two cups were 
mixed (indicated by the arrows), the final concentration of ATP was 0.003 M. The 
points on the curves represent the averages from six animals (triplicate determina- 
tions per tissue). 

the 13th to 14th week, therefore coinciding tvith the decrease in the con- 
centrations of creatine phosphate and adenosine tri- and diphosphate (16). 
A slight but not significant decrease in the anaerobic glycolysis is found only 
after the animals had received the deficient diet for a period of over a year. 

If the antistififness factor is a regulating factor in the metabolic processes, 
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the influence of the administration of this compound to the deficient animal 
■would be reflected in changes in the Qoi and of the tissues under inves- 
tigation. Experiments to test this inference are reported in Table IV. 
During the last 5 days of the experiment 2 7 (1000 units) of the factor ■were 
administered to animals -wHch had received the deficient diet for 35 weeks. 
Both the respiratory rate and the anaerobic glycolysis of the Uver showed 
a distinct tendency to return to normal values, although the normal rates 
are not completely attained. No agnificant change could be found in the 
respiratory rate of the kidney cortex, although a small decrease was notice- 


Table 'V 

E;ffecl of Varying Dosages of Antisliffness Faclor on Lioer Glycogen of 
Deficient Guinea Pigs 


But 

1 

Time ott 
diet 

Ko. of 
detennl- ' 
nAtions 

Diyt of 
txeatmea^t, 
2yi)Ci day 

Glycoses, we: weight 


til. 


■■ 

itf cni 

Deficient ^ 

a-72 

16 


0.55 i 0.06 (0.20-0.93)* 

“ on cure ’ 

10 

2 


0.03 





0.22 

<• 11 (1 j 

10 

2 

2 1 

0.11 





0.21 

(( it it 

10 

2 

3 

0.15 





0.18 

tt it C( 

10 

3 

4 

0.93 





2.33 





5.94 

<< If ic 

10 

2 

5 

2.SS 





1 4.70 

*t tt tt 

10 

3 

6 

1 1.93 





2.91 





3.S2 

Stock 1 

1 


10 


2.93 ± 0.29 (1.51-4.36)* 


* Means ± s.E. (values in parentheses indicate the range). 


able. Contrary to the exjwctation the rate of anaerobic gljxolyas showed 
an increase rather than a decrease. No agnificant influence of the admixus- 
tration of the antistiffness factor upon the two metabolic processes in the 
muscle was apparent. 

A decrease of the eaaly hydrolyzable phosphorus fractions in liver, kid- 
ney, and muscle (16) might well be the cause for the deranged metabolic 
processes imder investigation, ance it is a well established fact that the 
adenylic acid system is to a large extent responsible for a smooth function- 
ing of the energy-producing processes of respiration and anaerobic glycoly- 
as. The antistiSness factor would then exert its regulatory effect indirectly 
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through its influence upon the functioning of the adenylic acid system. If 
this were the case, addition of adenosine triphosphate (ATP) to the sub- 
strate should restore both aerobic and anaerobic reactions to the rate found 
in normal tissues. It was of considerable importance to test this hypothe- 
sis. The results of pertinent experiments are represented in Figs. 1 and 2 . 
The results of four determinations of the resphatory rate of deficient liver, 
kidney corte.x, and muscle tissue before and after addition of ATP to the 
substrate (final concentration 0.003 m) are given in Fig. 1. The in vitro 
addition of ATP causes a slight increase in the Qo, of kidney cortex slices. 
No effect of the addition of ATP on the Qo, of liver and muscle tissue could 
be demonstrated. 

However, addition of ATP had a striking effect on the anaerobic process 
in all three tissues (Fig. 2). An increase in the anaerobic glycolysis rate 
from 3.0 to 5.6 is found in the liver tissue. A similar and even larger in- 
crease (from 7.3 to 18.6) is found in the kidney cortex slice. A slight de- 
crease in the anaerobic glycolysis of muscle tissue results when ATP is 
added to the metaboli 2 ing tissue. 

A high respu-atory rate might indicate that glycogen is o.xidized directly, 
instead of being degraded via the normally occurring phosphorylating 
o.xidation-reduction cycles. A low concentration of glycogen might then 
be expected in the deficient animal. This was actually found, as can be 
seen in Table V. This is also in accordance with the fact that a high inor- 
ganic phosphate in the liver is usually accompanied by a low glycogen 
concentration. In previous investigations (15) a high inorganic phosphate 
concentration was found to exist during the whole course of the deficiency. 
Administration of the antistiffness factor (1000 units per day = 27 ) resulted 
in a gradual return to normal values. 

DISCUSSION 

The complete interpretation of the results obtained in this investigation 
is as yet difficult. It becomes more and more evident that the antistiffness 
factor plays an important r61e in the energy metabolism through its inffu- 
ence on the adenylic acid system. The antistiffness factor might either 
restrain the activity of the adenosinetriphosphatase and the adenosine- 
pyrophosphatase, or act as a prosthetic group which promotes the rephos- 
phorylation of adenylic acid. In the fii-st case a deficiency of the factor 
would promote the rapid breakdown of any adenosine triphosphate formed 
during the metabolic cycles, resulting in an increase of inorganic phosphate 
and adenylic acid (or fm’ther breakdown products) in the tissues. The 
metabolic cycles would not be slowed doivn, but would proceed at a higher 
rate, since adenylic acid would become available in large amounts to act as 
an acceptor for the energy-rich phosphates formed during both the anae- 



VAN WAGTENDONK AND SHIONSEN 


459 


robic glycolyas and the following tricarborQ'lic acid and cytochrome cycles. 
The rapid dephosphorylation of the formed adenosine triphosphate would, 
however, seriously interfere with the energy metabolism, because the con- 
version of energy-rich phosphate compounds into inorganic pnosphorus 
would mean a loss of the stored energy which would then not be available 
for other reactions requiring the expenditure of energy. 

If, however, the antistiffness factor would act as a prosthetic group for 
the enzyme respondble for the phosphorylation of adenylic acid, a more 
direct interference with the normal metabolic cycles would result. The 
phosphorylation of adenylic acid would then be blocked in the deficient 
tissue, and the adenylic acid system would not be able to act as a phosphate 
acceptor for the energy-rich phosphate groups formed during the meta- 
bolic cycles. Especially the anaerobic glycolysis would then be slowed 
dora. 

The results obtained in the experiments with liver tissue point in this 
direction. In the deficient animal there is a definite shift towards the oxi- 
dative processes. The anaerobic glycolysis is decreased considerably, 
indicating that the normal pathway of carbohydrate utihzation leading 
towards the hub of pyruvic acid is being by-passed. Warburg and co- 
workers (31, 32) have shown that animal tissues can oxidize gIucose-6- 
phosphate directly to phosphogluconic acid and there is increasing evidence 
from other laboratories that a series of reactions, possibly starting with the 
direct oxidation of glucose-fi-phosphate, is intervening early in the glycolysis 
of carbohydrate (33, 34). Since a direct o.xidatioa of glucose to phospho- 
gluconic acid will of necesaty provide less energy to the animal organism 
than the normal pathway of carbohydrate utihzation, a by-passing of the 
fermentation reactions will lead to a more extensive use of the glycogen 
formed in the fiver. A small amount of liver glycogen would result from 
the heavy demands. It was actually found that the amount of glycogen 
in the liver of deficient animals is decreased to about 1 to 5 per cent of 
that present in normal ammals. The addition of adenosine triphosphate 
results in both cases in a return to normal conditions of the aerobic and 
anaerobic metabolic processes, thereby lending support to the proposed 
theory of the action of the antistiffness factor. 

The results obtained in the e.xperiments with kidney slices are not so 
clear. The respiratory rate is decreaang slowly, while the anaerobic gly- 
colysis rate remains constant, when the rates of both processes are calcu- 
lated on a dry weight basis. If, however, the rates are expressed in relation 
to the whole organ, the Qo, remains constant, while the attains a 
higher value than in the normal animal. Administration of the antistiff- 
ness factor to the deficient animal has no significant effect on the respiratory 
rate, while the anaerobic glycolysis rate is but slightly increased. The 
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great increase in the anaerobic glycolysis after the addition of adenosine 
triphosphate to the substrate is surprising. It might be explained on the 
basis that, although the available supply of adenosine triphosphate in the 
deficient kidney is low, it apparently is sufficient to maintain the full func- 
tioning of the metabolic cycles. Addition of adenosine triphosphate, or 
relieving the blocking of the phosphorylation reaction through the adminis- 
tration of the antistiffness factor, will in the beginning merely result in an 
acceleration of the metabolic reactions in which adenosine triphosphate is a 
coreactant. A somewhat similar situation prevails in the muscle. Addi- 
tion of adenosine triphosphate to the isolated tissue produces no larger 
stimulation than does the in vivo administration of the antistiffness factor. 

There remains, however, the possibility that the administration of the 
antistififness factor during the short period of 5 days does not result in a 
complete return to normal conditions which would be a prerequisite for the 
normal functioning of the metabolic cycles. Evidence for this time lag was 
previously found in the slow return to normal values of the calcium concen- 
tration in the muscle (35) and the slow recovery of the abnormal protein 
distribution in the plasma (36). The addition of adenosine triphosphate 
to the isolated tissue might have a more immediate effect. 

It would be of great interest to know where the exact point of interference 
with the normal metabolic cycles is located in the deficient animal. At- 
tempts towards the solution of this question will form the subject of follow- 
ing publications. 


SUMMARY 

A deficiency of the antistiffness factor results in a derangement of the 
respiratory rate and the rate of anaerobic glycolysis in the liver, kidney 
cortex, and muscle. An increase in the Qoi and a decrease in the Qc^, in 
the liver caused by the deficiency of this factor are reversible by the in vivo 
administration of the antistiffness factor or by the in vitro addition of ade- 
nosine triphosphate to the metabolizing tissue. These changes in the liver 
metabolism are correlated \vith a large decrease in the glycogen storage in 
the liver. A decrease of the Qo, and no changes in the could be dem- 
onstrated in the deficient kidney cortex and muscle. In vivo administration 
of the antistiffness factor did not materially alter the trend of the investi- 
gated processes during the time limit of the curative process. However, in 
vitro addition of adenosine triphosphate to the anaerobically metabolizing 
tissues did result in a sharp increase in the rate of the anaerobic glycolysis 
in the kidney. The implications of these changes are discussed. 

The authors wish to express their appreciation to Patricia L. Hackett for 
the technical assistance in several phases of this work. We are also in- 
debted to Dr. V. L. Koenig of the Armour Research Laboratories for a 
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EXTRACTION AND PURIFICATION OP STREPTOAIYCIN, 
WITH A NOTE ON STREPTOTHRICIN 


By MILTON J. VANDER BROOK. ARNE N. WICK, WILLIAM H. 

DeVRIES, ROBERTA HARRIS, akb GEORGE P. CARTLAND 

(From the Kescarch Lahoraiories, The Upjohn Company, Kcdamazaa) 
(Received for publication. May 27, 1946) 

The early clinical studies on streptomycin have indicated the necessity 
of preparing larger quantities of purified material for extended tests in 
cases requiring high dosage. The purpose of this paper is to report an 
extraction procedure developed in this laboratory for the preparation on a 
pilot laboratory scale of a product which meets clinical standards with 
respect to potency, purity, and freedom from toxic contaminants. The 
line product obtained by this process has been purified further by chromato- 
graphic separation to yield fractions of chemical purity suitable for degrada- 
tion studies directed toward determination of structure. 

Several methods have appeared in the literature for the small scale 
preparation of streptomycin salts, ran^g from crude material to crystalline 
products of analytical purity (1-7). In practically all methods a carbon 
adsorption step has been employed and at least one laboratory (7) has 
reported acetone precipitation of a methanolic concentrate. However, the 
carbon-acetone method here described offers certain advantages for use 
with pilot laboratory equipment. These advantages include simplicity of 
operation with only a single organic solvent under conditions which stabilize 
the streptomycin during the e.xtraction period. Recovery of the acetone is 
accomplished after its separation from the active precipitate. The period 
of operation is short and streptomycin sulfate may be obtained in a single 
fraction representing an over-all yield of approximately 60 per cent at a 
purity of 400 to 600 units per mg. 

In preliminary experiments, fermentation harvests and solutions of crude 
streptomycin were fractionally precipitated with acetone at pH 2 to 8, 
It was found that streptomycin hydrochloride would remain in solution at 
pH 2 with acetone concentrations up to 70 per cent and, after filtration from 
insoluble material, the activity could be precipitated either by increasing 
the acetone concentration to 90 per cent or by adding A'aCH to pH 8. 
Because of its lesser solubility the sulfate could be precipitated with 70 per 
cent acetone at pH 2.5. By appljdng these solubility principles to a carbon- 
adsorbed streptomycin prepared as described by Carter et al. (3), a sim- 
plified method was developed for extracting streptomycin salts with 
improved purity and yields. 
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The method consists essentially of clarifying and decolorizing the fer- 
mentation harvests at a low pH ; adsorbing the activity on carbon from the 
clarified, decolorized beer at neutral pH; eluting the activity from carbon 
with acidified aqueous acetone; and precipitating the activity from the elu- 
ate by increasing the acetone concentration and adjusting the pH. Either 
the hydrochloride or sulfate can be isolated, depending upon the acid used in 
elution. The method has also been applied to cultures of Slreptomyces 
lavendxilae (2) to yield streptothricin sulfate. 

EXPERIMENTAL 

Assay and Standards — ^The method of Loo et al. (8) was used and the 
activities are expressed in units. By exchange of standards with Dr. S. A. 
Waksman it was possible to correlate our unit with his Escherichia coli 
unit (1, 9). The tentative standard recently issued by the Food and Drug 
Administration is labeled in terms of micrograms of streptomycin base but 
was not available at the time this work was done. A comparison of 
standards carried out in this laboratory by Dr. R. L. Emerson indicates 
that 1 unit is equivalent to 0.97 y of streptomycin base. Thus, the “unit” 
values used throughout this paper should be reduced by 3 per cent in 
order to express them in terms of the tentative “microgram” of the Food 
and Drug Administration. 

Er&paration of Streptomycin Sulfate — Submerged cultures of Streptomyces 
griseus harvested at a potency of 50 to 170 units per ml. were used as 
starting material. The fermentation was carried out in iron tanks with a 
medium of the following composition: dextrose (cerelose) 10 gm., Curbay 
B-G (soluble products from butanol fermentation, United States Industrial 
Chemicals, Inc.) 1 gm., sodium chloride 5 gm., basic potassium phosphate 
1 gm., ammonium sulfate 2.5 gm., magnesium sulfate ( 7 H 2 O) 0.25 gm., 
calcium carbonate (sterilized separately) 3.5 gm., tap water to make 1 liter. 
The culture medium was seeded with a 5 per cent volume of a 48 hour 
vegetative inoculum. The quantities of fermentation liquor extracted in 
individual runs varied from 190 to 450 liters (see Table I). For conveni- 
ence, the method is described for 100 liters of fermentation harvest. 

100 liters assaying 120 units per ml. (total 12 million units) were acidified 
with HjSO^ to pH 2 and stirred for 30 minutes with 250 gm. of nuchar 
C-190-N. The mixture was filtered on a filter press with the aid of 2000 gm. 
of Celite 545 and the cake washed with 10 liters of water. The combined 
filtrate and washings were neutralized with NaOH to pH 7 and stirred Avith 
1000 gm. of Darco G-60 for 30 minutes. The carbon containing the strep- 
tomycin was collected on a filter press with the aid of 500 gm. of Celite and 
washed twice with 10 liters of water. The streptomycin was eluted from 
the carbon by extracting three times with 3.5 liters of 5 to 10 per cent 
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acetone, acidified, and maintained at pH 2.5 with H-SO<. The combined 
eluates were stirred with 3 volumes (28.5 liters) of acetone which precipi- 
tated the streptomycin sulfate. After being chilled overnight at 4°, the 
precipitate was collected by decanting and filtration .The precipitate was 
suspended in 250 ml. of pyrogen-free distilled water and inactive insoluble 
material was removed by filtration. The filtrate was adjusted to pH 7.0 
with HaOH and additional insoluble material was removed by filtration. 
The clarified solution of streptomycin sulfate (volume 250 ml.) was frozen 
and dried in vacuo at 200 to 600 (t. The product was an off white powder 
weighing 12 gm. and assaying 600 units per mg., representing an over-all 
recovery of 7.2 million units or 60 per cent. The results for six pilot 
laboratory lots with the above fermentation medium are given in Table I. 


Tabus 1 

Slreplomycin Sulfate by CaTbon-Aeetone ProetM 


I<otKo. 

1 FemeaUtioa hisrest 

RecoTuy ol slnpicsayda suHate 

Volume 

'OmU 

Weight 

Poumey 

UnlU 

YieH 


liUfi 

niUUnt 

to. 

utUh ftr ng. 

mliuu 

ptf caU 

141 

260 

45.0 

35.7 

633 

22.6 

50 

153 

195 

24.6 

24.3 

483 

11.8 

43 

156 

260 

13.8 

19.0 

530 

10.1 

73 

ISS 


23.2 

28.2 

660 

18.0 

78 

159 


42.6 

47.9 

551 

26.4 

62 

167 

450 

63.0 

69.0 

650 

44.9 

66 

168* 

215 

23.4 

32.5 

400 

13.0 

55 


* Peptone-meat extract medium used in Lot 166; Curbay-salta medium used in 
the other lots. 


Since in much of the previously reported work on streptomycin 
Waksman’s peptone-meat extract medium has been employed, it was 
believed desirable to test the extraction method on this type of fermentation 
liquor. Lot 166 was fermented with a peptone-meat extract medium as 
originally described by Waksman (1), except that the meat e.xtract was 
increased from 0.3 to 0.5 per cent. The results are reported in Table I. 
The purity of the streptomycin sulfate was 400 units per mg., which is 
somewhat less than that obtrdned from the Curbay-salts medium but well 
within the requirements for clinical material. 

Preparation of Streptomycin Hydrochloride — The hydrochloride nmy be 
prepared by the same process as the sulfate if HCI is substituted for HSOv 
at the acidification steps. However, streptomycin hydrochloride is more 
soluble in acetone and precipitation with 75 per cent acetone was found to 
be incomplete. Better yields were obtained by concentrating the acetone 
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aluates and precipitating with 80 per cent acetone. This procedure was 
demonstrated on an aliquot of Lot 141 reported in Table I. A 1.67 percent 
aliquot of the carbon cake representing 4.35 liters (750,000 units) of fermen- 
tation harvest was suspended in 500 ml. of 60 per cent acetone. Hydro- 
chloric acid was added to maintain pH 2 while stirring was continued for 
60 minutes. The carbon was collected on a Buchner filter and washed with 
acid acetone. The eluate and washings (915 ml.) were adjusted to pH 7.7 
with NaOH and concentrated in vacuo below 30° to 85 ml. 4 volunies of 
acetone (340 ml.) were added to precipitate the streptomycin hydrochloride. 
After the mixture was chilled overnight, the precipitate was collected by 
filtration, redissolved in water, shell-frozen, and dried in vacuo. Strepto- 
mycin hydrochloride was obtained as a slightly yellow powder weighing 
860 mg. and assaying 380 units per mg., giving an over-all yield of 327,000 
units or 43.5 per cent. 

. Streptomycin hydrochloride was also prepared from the sulfate. 1 gm. 
of streptomycin sulfate (632,000 units) was dissolved in 7 ml. of water at 
pH 3.2. A solution of CaCla (100 mg. per ml.) was added dropwise with 
constant stirring to a point of no further precipitation. The precipitate 
was removed by centrifuging and washed. The supernatant solution plus 
washings was shell-frozen and dried. The streptomycin hydrochloride was 
obtained as 905 mg. of white powder assaying 590 units per mg., represent- 
ing a yield from the sulfate of 84 per cent. 

Chromatographic Purification of Streptomycin Hydrochloride over 
Aluminum Oxide — Streptomycin hydrochloride, prepared directly from the 
fermentation harvests or from the sulfate, was purified further by a chro- 
matographic procedure. The method is similar to that described by Carter 
et al. (3), except that the aluminum o.xide was washed with HCl instead 
of H 5 S 04 . This procedure eliminates the streptomycin sulfate band in 
the chromatogram. Usually 80 per cent or more of the starting activity can 
be recovered from the column. The most active fractions have been shown 
to approach purity by their assay values and have readily yielded the 
crystalline reineckate (4) and the trihydrochloride-calcium chloride double 
salt (6). 

Preparation of Column — 5.5 kilos of Harshaw alumina (No. 2-350, 
catalyst) were adjusted to pH 4.7 with hydrochloric acid and thoroughly 
washed with distilled water. The acid-adjusted aluminum oxide was then 
suspended in 80 per cent methanol and poured, as a slurry, into a glass pipe, 
4 inches in diameter producing, after settling, a column 25 inches high. 

Procedure — 64 million units of streptomycin hydrochloride (400 units per 
mg.) were dissolved in water and brought to pH 5.8 (final volume 350 ml.). 
The aqueous solution was diluted with 4 volumes of methanol before passage 
over the column. Development was carried out with 80 per cent methanol. 
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In order to obtain solid streptomycin fractions, the alcohol was removed 
in tactio and the residues were dried from the frozen state. The results are 
given in Table II. 

The potencies of Fractions 11 and 12 (Table II) reduced by 3 per cent to 
convert them to micrograms per mg. give values of 965 and 854, respec- 
tively. These are 14.9 per cent and 1.7 per cent above the theoretical 
potency of 840 y per mg. for the pure trihydrochloride. In several instances 
fractions have been obtained which assay above the theoretical value for 
the pure trihydrochloride as measured in terms of the current standard. 
This may be an assay error but it is believed that further work is necessary 
to explain the discrepancy. 

Preparation of Streptomycin Reineckate and Calcium Chloride Double 
Salt — X reineckate was prepared by the method described by Fried and 
Wintersteiner (4), starting with a streptomycin hydrochloride of appro.xi- 

T.vBm n 


Chromatographic Separation of 6i Million Units of Streptomycin HydrochlorideiJtM 
Units per Mg.) over Alumina Column 


Fnctica Xo. 
(30Q mL dch) 

Uoits 

SoUtis 

Purity 

Rtcoyery 

nnnnniii 

vuUisiu 


umUs icT at. 

fer ujU 


4.3 

5.12 

SiO 

6.7 


20.0 1 

20.17 

995 

31.2 


17.4 

19.85 

879 

27.2 


9.6 

16.00 

€00 

13.0 

u 

6.7 

14.10 

475 

10.5 


mately 900 units per mg. After two recrystaUizations the crystals melted 
at 160-163° (corrected) and assayed 400 units per mg. 

Crystalline streptomycin trihydrochloride-calcium chloride double salt 
(6) was prepared as follows : 1 gm. of streptomycin hydrochloride, assaying 
approximately 900 units per mg., was dissolved in 5 ml. of methanol. To 
this solution were added 4 ml. of methanol containing 0.466 gm, of calcium 
chloride. 1 drop of concentrated HCI was added and the mixture cooled 
in a refrigerator. After 48 hours, 0.443 gm. of crystals was collected, 
which assayed 828 units per mg. 

Application of Carbon-Acetone Method to Sireptothricin — Strcptomyces 
lavendulae (IVaksman Strain 14) was grown in submerged culture on 
Waksman’s dextrose-tryptone medium with added calcium carbonate and 
nitrate. -Assays were run by the same method (8) with a standard strepto- 
thricin powder which had been defined in 'Waksman units. Fermentation 
harvests assaying 100 to 170 units per ml. were extracted by the process 
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described above for streptomycm sulfate. The dried streptothricin sulfate 
was obtained at a potency of 180 to 214 units per mg. with an over-all 
3 deld of 40 to 57 per cent. 

The authors wish to express their thanks to Dr. D. R. Colingsworth, Dr. 
Harrison A. Nelson, and Dr. G. M. Savage for suppl 3 dng the fermentation 
harvests; also to Dr. R. L. Emerson for the biological assays. We are 
indebted to Dr. S. A. Waksman for the cultures of Streptomyces griseus 
and Streptomyces lavendulae and for his cooperation in setting up our assay 
standards. 


SUMMARY 

A method is described for the preparation of streptomycin sulfate and 
streptomycin hydrochloride. The method lends itself to pilot scale opera- 
tion and the salts are of satisfactory purity for clinical investigations. The 
essential steps are decolorization with carbon at pH 2, adsorption on carbon 
at pH 7, elution with dilute acetone at pH 2.5, and precipitation by increas- 
ing the acetone concentration to 75 or 80 per cent. The method is appli- 
cable to streptothricin . Further purification of streptomycin hydrochloride 
by means of an aluminum oxide chromatogram is described. 
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THE METABOLISM OE Z(+)-AIlGININE IN THE RAT* 

Bt KONRAD BLOCHt 

{Prom Ike Deparlment of Biockemisiry, College of Phyeiciana and Surgeons, 
Columbia University, kfew York) 

(Received for publication, June 29, 19i6) 

In a series of papers from this laboratory the extensive metabolic activity 
of amino acid nitrogen, studied vrith the aid of N“, has been described. 
The data have been interpreted to show that following absorption an amino 
acid interacts with the tissues fay replacing the identical acid in the proteins 
and, through the processes of deamination, reamination, and transamina- 
tion, yields its nitrogen to build up other protein constituents for protein 
synthesis. After the administration of isotopic a-amiuo nitrogen in the 
form of tyrosine or leucine, a large part of the isotope contained in the tissue 
proteins was located in amino acids different from those fed (1), indicating 
that extensive nitrogen transfer from one carbon chmn to another had 
occurred. 

Since in the intermediary metabolism of the rat the amidine group of 
arginine is ulthnately derived from a-amino nitrogen, it seemed of interest 
to follow the metabolic fate of the amidine group of arginine and to compare 
its reactivity and pathways with those of the a-amino group in amino 
acids. With the aid of the isotope technique the rapid intermediary forma- 
tion of the anudine group of arginine has been revealed (2); the findings 
give support to the theory of the ornithine cycle proposed by Krebs and 
Henseleit (3). Ornithine arising from arginine by arpnase action enters 
into combination with COj and ammonia or amino acid nitrogen to regener- 
ate the ami(hne group. The only reactions in which the amidine group 
of arginine is knowm to participate are the formation of urea and the 
transfer of the amidine group to glycine in creatine formation (4, 5). 

By feeding rats a preparation of arginine containing heavy nitrogen in 
the amidine group it was posable to trace this part of the arginine molecule 
in the mammalian organism. In the present investigation we have deter- 
mined the quantitative distribution in tissues and excreta of heavy nitrogen 
after its administrarion in the form of arginine, labeled with N“ in the 
amidi ne group. Data on the total arginine content of a rat were obtained 
by employing the isotope dilution technique. The lack of utilization of 

• This work was carried out with the aid of a grant from the Josiah Mscy, Jr., 
Foundation. 

tPresent address. Institute of Radiobiology and Biophysics, University of 
Chicago, Chicago. 
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urea has been confirmed by feeding isotopic urea to rats, when only in- 
significant amounts of heavy nitrogen were found to. be incorporated into 
nitrogenous tissue constituents. 

EXPERIMENTAL 

Feeding of l-Arginine Monohydrochloride — ^Two adult rats, having a 
combined weight of 646 gm., were kept in separate metabolism cages 
on a stock diet, containing 15 per cent casein, 68 per cent com-starch, 5 
per cent yeast, 4 per cent salt mixture (6), 2 per cent cod liver oil, and 6 
per cent Wesson oil. Each rat received in addition to 15 gm. of stock diet 
daily for 3 days 86 mg. of Z(-l-) -arginine monohydrochloride (8.25 atom per 
cent excess (7)). Urine and feces were collected during the experi- 
mental period and the animals were killed by exsanguination. The pro- 

Table I 

Balance of Nitrogen Isotope after Feeding Isotopic l(+)-Arginine Monohydrochloride 


The values were calculated from the total nitrogen of the fractions and their iso- 
topic concentrations. The animals consumed 809 microequivalents of 



Microequivalents 

Fraction of admin* 

istered 

Excreta, feces 

9 

Per cent 

1.1 

“ urine 

423 

52.2 

Animal body, non-protein N 

66 

8.2 

“ “ protein N 

1 234 

28.9 

Total isotope recovered 

• 

732 

90.7 


cedures used in the isolation of nitrogenous compounds from tissues and 
excreta (Table I) were those employed routinely in this laboratory. 

Excreta — ^The 3 day urine samples of one rat were pooled; they 
contained 0.781 gm. of nitrogen with 0.379 per cent excess; i.e., 211.5 
microequivalents of Since one rat received a total of 405 microequiv- 
alents of N**, this corresponds to 52.2 per cent of the administered isotope. 

24 hour samples were collected from the urine of the second rat and 
analyzed for urea and ammonia. The concentrations were as follows 
(atom per cent excess): 


1st day 2nd day 3rd day 

Urea 0.312 0.393 0.439 

Ammonia 0.038 0.045 0.054 


riWanfojVi— Allantoin was isolated from the pooled urines according to 
Wiechowsky (8). It contained 0.010 atom per cent excess N*®. The 
combined feces excreted during the entire experimental period contained 
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9.9 microequivalents of N**, amounting to 1.1 per cent of the administered 
isotope. 

Investigation of Organs — ^Total protein nitrogen and non-protein nitrogen 
and their isotope contents were determined in a niunber of organs and in 
the remmning carcass. The analytical data as well as those of some 
amino acids isolated from the protein hydrolysates are listed in Tables H 
andin. 

The isolation of creatine from muscle and its degradation into ammonia 
^d sarcosine were described previously (9). 

Hemin — To the blood obtained by heart pimcture, oxalate was added 
and the red blood cells separated by centrifugation. Hemin was isolated 
according to Moemer (10). The crystals contained no significant e.xces3 of 
N“ (0.003 per cent). 

Feeding of l/rec-— Two adult male rats having a combined weight of 562 
gm. received the regular stock diet and each rat received a daily addition of 


Table II 

jiJom Per Cent Excaa in Protein and Arginine Nitrogen of Tisiuei from Bate 
Given Isotopic Arginine 


Orpia 

Prated S 

Afgiarse y 

Serum. 

0.023 


Liver 

0 027 


Intestinal tract 

0.111 


Kidney 

0.059 1 

0.317 

Combined hearts, lungs, testes, spleens 


0.230 

Carcass . 


0.099 


50 mg. of isotopic urea (15.2 atom per cent excess N“ (7)) for 3 days. Urea 
and ammonia were isolated from the pooled urines, and some of the body 
constituents analyzed. The analytical data are given in Table IV. 

Determination of Arginine in Proteins of Rat — ^The isotope dilution 
method (11) was employed for determining the total amount of arginine in 
rat proteins. To an aliquot of a hydrolysate from an entire rat carcass 
containing 0.415 gm. (29.64 milliequivalents) of nitrogen were added 
26.32 mg. (0.125 mil) of Z(-f-)'arginine monohydrochloxide containing 8.25 
atom per cent excess, .\rginine was precipitated as the flavianate. 
After two recrystallizations, flavianic acid was removed in the usual maimer 
and the amino acid converted into the p-toluenesuh‘onyl derivative; m.p. 
256°. 

Calculated, X 17.1; found, N (Kjeldaid) 17.0 

It contained 0.S6S atom per cent N“ e-xcess. The amount of arginine 
present in the bodymay therefore be calculated from the e.xpression ((8.25/ 
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0.868) — 1) 0.125 = 1.063 mM of arginine = 4.262 milliequivalenta of 
arginine nitrogen. Of the total nitrogen 14.34 per cent was therefore 
arginine nitrogen. This corresponds to an arginine content of (14.34/6.25) 
X (174/56) = 7.13 per cent in the total carcass protein. 

Calculation of Deposition of Arginine — In the present experiment the 
total nitrogen content of the tissues analyzed was 17.92 gm. According 
to the above arginine determination, 14.34 per cent = 2.57 gm. of this 
were arginine nitrogen. The content of the arginine isolated from the 
carcasses of the rats fed isotopic arginine was 0.099 per cent Since 
93 per cent of the total protein of the anima l was present in the carcass, 
this isotope concentration can be assumed to be close to the average N“ 
value of the arginine of the entire animal. The organ proteins contained a 
total of 234 microequivalents of Assuming that of the total protein 
nitrogen (17.92 gm.) 14.34 per cent = 2.57 gm. was arginine nitrogen, 
then (2.57 X 0.099) / (100 X 14) = 182 microequivalents of N“ were 
present as arginine nitrogen; i.e., 78 per cent of the total N“ in the protein 
nitrogen is due to its content of isotopic arginine. This value is increased 
to 86 per cent if the isotope concentration of arginine in the individual 
organ proteins is taken into account and if it is assumed that the arginine 
content of the individual proteins is the same as the average value of 7.13 
per cent. 


DISCUSSION 

Deposition of Arginine — ^The rats had received an addition of isotopic 
arginine to the stock diet for 3 days. As shown in Table I, 52.2 per cent of 
the ingested isotope was excreted during the experimental period, while 
only 29 per cent was incorporated in the various organ proteins. In the 
present experiment, the uptake of heavy nitrogen resulted almost entirely 
from the replacement of arginine in the tissue protein by dietary' arginine. 
86 per cent of the total quantity of isotope in the animal protein could be 
accounted for by the isotope content of arginine. This figure was reached 
by determining the total protein nitrogen, total isotope content of the 
protein, arginine content in the carcass protein, and isotope concentration 
of the arginine samples isolated from the proteins. The finding that prac- 
tically the entire heavy nitrogen in the protein was present as isotopic 
ar^nine showed clearly that very little, if any, of the amidine nitrogen had 
been used for amino acid synthesis. In contrast, when isotopic leucine 
or tyrosine had been fed, less than one-third of the total isotope in the 
proteins resulted from deposition of the ingested amino acid proper, while 
the remaining isotope in the protein was due to nitrogen transfer to other 
carbon chains (1, 2). It thus appears that when a-amino nitrogen and 
ammonia have entered into the ornithine cycle, they are no longer available 
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The utilization of amidine nitrogen for purine synthesis, which appeared 
possible in view of the presence of N-C-N groups in purines, was not 
indicated by the experimental data. Allantoin isolated from the urine of 
the animals which had received isotopic arginine did not contain a signifi- 
cant concentration of N“. 

Reactivity of Various Proteins — In Table II are given the isotope con- 
centrations of arginine samples isolated from a number of organ proteins. 
As the isotope content of the proteins is preponderantly due to the presence 
of marked arginine, the concentration in this amino acid forms a 
measure of reactivity of the various proteins. It \vill be noted that the 
protein of the intestinal wall had the highest isotope concentration. High 
concentrations were also present in kidney protein and in a fraction con- 
taining the combined proteins of heart, lung, spleen, and testes. The 
values are appreciably lower in the proteins of liver, serum, and muscle. 
On comparison of these data mth the chemical activity of organ proteins, 
as measured by isotope uptake, after administration of leucine, some 
marked differences are evident. In the present experiment the activity 
of liver and serum proteins did not differ substantially from that of the 
muscle proteins, whereas after leucine feeding the proteins of liver and 
serum were regenerated 2 to 3 times faster than muscle protein (2). 

The low level of heavy nitrogen concentration in liver protein after the 
ingestion of arginine with a marked amidine group may reasonably be 
ascribed to the action of arginase, which in Tnn.Tnin n.ls appears to be localized 
in the liver. The isotopic dietary arginine on entering the liver cells ^vill 
be acted upon by arginase, leading to a replacement of most of the isotopic 
amidine nitrogen by ordinary nitrogen from other sources. The low 
reactivity of the liver protein, judged by its isotope content, is apparent 
only and reflects merely the rapid rate at which the ornithine cycle is 
operating in the liver. Likewise, the small isotope concentration in the 
serum proteins contrasts mth the findings obtained after the feeding of 
isotopic a-amino nitrogen in the form of leucine, when the serum proteins 
contained the highest isotope concentration of all organs analyzed. In 
order to explain the low value, it may be assumed either that serum pro- 
teins are produced in the liver or that they are manufactured from the 
same metabolic pool of nitrogen which is utilized for the synthesis of liver 
proteins; i.e., the arginine employed had previously entered the ornithine 
cycle. This finding is in agreement wth the view that serum proteins are 
made in the liver. 

If the insignificant, lymphatic route is disregarded, the bulk of the 
absorbed amino acids would be carried by the portal vein and enter the 
various internal organs only after passage through the liver. The present 
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finding, that the argjnine in proteins of kidney and other internal organs 
contained an isotope concentration several times that of the liver argnine, 
illustrates the rapid passage of amino acids through the liver. 

The action of arginase involves primarily that fraction of the circulating 
arginine which enters the liver cells and is utilized for synthesis of liver 
proteins, while the arginine transported to other internal organs appears 
to remain relatively intact. If the fate of dietary arginine is taken as an 
indicator of a general reaction, it would seem that of the amino acid mixture 
carried by the portal vein, only that fraction is retained by the liver which 
is required for the regeneration of liver and possibly serum proteins. 

An alternative explanation may be considered for the high isotope uptake 
observed in the protein of the intestinal wall. The rapidly regenerating 
protein, particularly that of the intestinal mucosa, may utilize the amino 
acids while they are being absorbed. The dietary isotope would then not 
be diluted appreciably by ordinary nitrogen arising from intermediary 
metabolism. 

Meldbolism of Urea — ^The inability of the animal organism to employ 
urea for intermediary reactions had already been indicated by the behavior 
of the urea precursor, the amidine group of arginme. Thus, the results 
obtained from the feeding of isotopic urea to rats likewise illustrate the 
lack of any metabolic activity of this compound. .A participation of urea 
m any intermediary reactions is not indicated. Specifically, and in con- 
trast to the amidine group of arginine, urea is not a precursor of creatine, 
as had been claimed (13). Utilization of urea in purine formation may also 
be ruled out. When potential urea was supplied to animals in the form of 
arginine containing an isotopic amidine group, the allantoin isolated from 
the urine did not contain a significant excess of heavj^ nitrogen. 

Small isotope concentrations appear in body proteins and urinary am- 
monia after urea feerhng (Table IV). In view of tbe high isotope content 
of the administered material they become, however, rather insignificant 
and cannot be the result of a utilization of urea. As in the arginine feeding 
e.xperiment, these values indicate a slow decomposition of urea in the 
animal body, possibly due to bacterial action in the gut. 

SUitSIAEY 

1- Z(-b)-Arginine containing heavy nitrogen in the amidine group was 
administered to rats and the (fistribution of the isotopic label was studied 
in excreta and body constituents. 

2. The data obtained indicate a rapid regeneration of the amidine group 
of ar^nine in the liver, in agreement with the theory of the ornithine cycle. 
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3. No evidence was obtained that the amidine nitrogen of arginine can 
be utilized for any reactions of intermediary metabolism except for creatine 
formation. 

The author is indebted to Mr. Irving Sucher for valuable assistance in 
the course of this work. 
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In mamipflls, argmine occupies a unique position among amino acitis as a 
vehicle for nitrogen in the catabolism of proteins. Nitrogen arising from 
amino acid breakdown becomes incorporated into the amidine group of 
ar ginin e, which is subsequently hydrolyzed to ornithine and urea. The 
enzyme ar ginas e is an essential component of the cyclic system responsible 
for urea formation. It is improbable that the arginine-ornithine cycle is 
of similar significance for birds because in this animal class (o) uric acid 
is the principal product of nitrogen catabolism, (6) arginase is not present in 
the avian liver, and (c) argmine is an indispensable amino acid for the bird 
(1) . Since ornithine cannot replace argjnine in avian nutrition (2) , it would 
appear that birds are unable to convert ornithine to argmine. The reverse 
reaction, conversion of arginine to ornithine, must occur, since in birds benzoic 
acid is coupled with ornithine to form ormthuiic acid. The process yielding 
ornithine does not necessarily involve the action of argina.se. Ornithine 
could conceivably result from transference of the amidine group of arginine 
to some other compound, a reaction which is known to occur in the biolog- 
ical synthesis of guanidoacetic acid (3, 4). 

In view of the difierences of argmine metabolism in mammals and birds it 
seemed of interest to compare the fate of this amino acid in the two animal 
classes. "When argmine containing an amidine group labeled with N“ was 
administered to rats, the argmine isolated from liver protein had an isotope 
level which was small in comparison to that of ar^nine in the proteins of 
other internal organs (5). The finding was taken to illustrate the localized 
action of arginase on liver arpnine which resulted in a rapid replacement of 
isotopic nitrogen in the amidine group by normal nitrogen during the re- 
synthesis of arginine. On the other hand, arpnine from the liver of pigeons 
which had received corresponding amounts of similarly labeled ar ginin e 
contained a greater excess of isotopic nitrogen than the arginine of any 
other organ examined (Table I). Hence, regeneration of arginine could 

• This work was carried out with the rid of a grant from the Josiah Macy, Jr., 
Foundation. 

t Present address. Institute of Eadiobiology and Biophyaca, Univeraity of 
Chicago, Chicago. 
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not have occurred at a significant rate, a finding in accord with the essential 
nature of arginine in this animal species. Small quantities of arginase can 
be found in avian kidney (6). Since the arginine from kidney protein con- 
tained nearly the same concentration of as that from liver protein, 
arginase action cannot have been extensive in the kidney. In view of the 
limited occurrence of arginase in the avian organism, it may be asked in 
what manner arginine is metabolized m birds. The excreta of pigeons 
contain small quantities of urea which have been reported to increase following 
the administration of arginine (7). In order to investigate whether urea 
fomiation can account for the catabolism of tlie amidine portion of arginine, 
the distribution of was studied in the excreta of pigeons which had re- 


Table I 

Atom Per Cent Excess in Tissue Constituents from Pigeons Given Isotopic I(+) 

Arginine Monohydrochloride 



Liver 

Kidney 

Intcstinil 

tract 

Carcass 

Total protein N 

Purine N 

0.070 

0.040 


■■ 

0.023 

Amide " 

0.05S 

0.070 



Arginine 

Glutamic acid 

0.427 

0.021 

0.376 

1 


m 


Table II 

Atom Per Cent Excess N‘‘ ui Excreta from Pigeons Given Isotopic Arginine 


1 

1 

1 

1 

Expcnracnl II 


Experiment 1 


Fraction of 
total N** 
excreted 

1 

Total N of e\creta 


0 082 

per cent 

100.0 

Urea 

2.63 

O.S-IS 

51.7 

Uric acid 

0.092 

0.022 

16.0 

Unidentified portion of alcohol extract 


0.286 

32.6 


ceived labeled arginine. Of the total isotopic nitrogen administered only 
27 per cent was excreted during the 3 day e.xperimental period. This 
compares with a value of 52 per cent found in the urine of rats which had 
been given the same quantity of labeled arginine. The greater retention 
of arginine by the bird is a reflection of its inability to obtain this amino 
acid from endogenous sources. The urea, which comprised 5 per cent of 
the total excretory nitrogen, had an isotope concentration accounting for 
52 per cent of the total excreted (Table II). The level of isotope in 
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urea is high compared to that of liver or kidney arginine, suggesting that it 
may have been partly of bacterial rather than of metabolic origin. The 
isotope concentration in uric acid was considerably lower and accounted 
for 15 to 20 per cent of the total eliminated. Although small compared 
to urea, the isotope level in uric acid exceeds that of any other compound 
isolated with the exception of argmine. Urea is probably not responsible 
for the appearance of jS 1“ in uric acid, since Barnes and Schoenheimer found 
only an insignificant utilization of urea for purine and uric acid ssmthesis in 
pigeons (8). It is likely that small amounts of isotopb ammonia were 
formed from the amidine group of arginine. In both liver and kidney pro- 
tein the isotope level in the amide nitrogen, which may be taken as a 
measure of ammonia production, was only somewhat lower than in the 
uric acid. Ammonia, which is readily utilized by the pigeon for uric acid 
formation (8), may have been responsible for the incorporation of into 
uric acid. Nevertheless it should be pointed out that in the analogous rat 
experiment, allantoin, the end-product of purine metabolism, contained no 
significant excess of N'^ (5). .A direct utilization of the amidine group of 
ar ginin e in purine and uric acid synthesis is therefore not excluded. The 
amidine group of arginine has frequently been suggested as the direct pre- 
cursor of purines and riric acid. The results obtained b the present ex- 
periment are not mconsistent with this view, but they suggest that if such a 
pathway exists it can accoimt only for a fraction of the arginbe catabolized. 
Smce not more than half of the total isotopic nitrogen was excreted b the 
form of urea, it is likely that end-products other than urea are formed from 
the amidbe group. Some evidence has been obtabed b the present e.x- 
periment that the excreta contab a nitrogenous fraction which has a rela- 
tively high isotope level, but consists neither of urea nor uric acid (Tablell). 
That this fraction is not creatbe may be inferred from the much smaller 
isotope concentration of muscle creatbe. 

It has been reported (9) that b the chick citrullbe but not omithbe can 
fulfil the arginbe requirements for growth. If the bird were able to ami- 
nate citrullbe to form arginbe, then the administration of isotopic ammonia 
should lead to an bcorporation of N“ b the amidbe group of arginbe. 
This was not the case b the bvestigation carried out by Barnes and 
Schoenheimer with pigeons (8). The negative findbg has been confirmed 
b the present bvestigation. It is conceivable that this failure is due to 
the fact that citrulline is not normally formed b birds but can be converted 
to arginbe if supplied ndth the diet. The excess found in liver or kid- 
ney arginine was not significantly greater when both citrullbe and heavy 
ammonium citrate were admbistered than it was without citrullbe addi- 
tion. Evidently, the pigeon is unable, even b the presence of citrulline, to 
synthesize the amidbe group of arginbe, unless ammonia is not the direct 
or bdirect source of nitrogen for this ambation. It would be of bterest to 
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ascertain whether the contrasting results obtained in growth experiments 
with chicks and in the present experiments with pigeons signify differences 
of the two animal species in the utilization of citrulline. 

Metabolism of Creatine in Pigeon — ^The mechanism of biological creatme 
formation has been elucidated mainly mth the rat as the experimental 
animal. Whereas the methylation of guanidoacetic acid to creatine has 
been clearly demonstrated in the pigeon (10), little direct evidence e.xists 
relative to the process of guanidoacetic acid formation in this animal 
species. The muscle creatine isolated from pigeons which had received 
amidine-labeled arginine contained only about one-third of the isotope con- 
centration found in creatine from the corresponding rat experiment (Table 
III). This finding was unexpected, because in the absence of arginase the 


Table III 

Atom Per Cent Excess iV** in Muscle Creatine from Rats and Pigeons 


1 

Isotopic amino 
acid administered 

1 Figeon 

Rat (c/. (3)) 

Total creatine 
N 

1 

Amidine K 

Sarcojine N 

Total crea- 
tine N 

Amidine N 

Sarcosine N 

Arginine 

■n 

0.(M7 

0.002 

0.108 


0.003 



1.00 

0.04 

mSm 


0.05 

Glycine 


0.016 

0.128 


0.006 

0.070 


0.64 

0.17 

1.36 


0.02 

2.26 

Ammonia 

0.035 

0.013 

0.077 

0.036 

0.044 

0.014 


0.39 

0.16 

0.86 

1.64 

2.0 

0.64 


The quantities of amino acid and their concentrations differed in the various 
feeding experiments. For comparison the concentrations obtained in creatine 
and its degradation products are recalculated on the assumption that the total 
quantity of N“ administered was the same in all e.xperiments. The bold-faced 
figures are the values of (atom % excess N‘* formed X 100)/ (mg. administered). 

amidine group of the labeled arginine should have retained most of its iso- 
topic nitrogen. Under identical conditions, the isotope level of the 
creatine precursor should have been higher in the pigeon than in the rat. 
The comparatively poor efficiency of arginine as a creatine precursor in the 
bird could be the result of either a slower rate of synthesis or it could be 
evidence for the existence of more than one source of nitrogen for the ami- 
dine group of creatine. 

For the pigeon, as for the rat, the main source of nitrogen for the sarcosine 
moiety of creatine seems to be glycine. Judged from the incorporation of 
heavy nitrogen after administration of labeled glycine, this amino acid is 
about two-thirds as efficient a precursor as in the rat (Table III). The 
quantitative differences in arginine and glycine utilization for creatine 
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synthe^ in the mammalian and avian organism may therefore be at- 
tributed, at least in part, to kinetic factors. The existence of additional 
precursors is, however, not excluded. It may be mentioned that Borsook 
and Dubnoff observed a small but significant effect of glycine on the syn- 
thesis of guanidoacetic acid in slices of pigeon kidney, but fmmd ar^nine to 
be inefBcient (11). All organs of the pigeon examined showed a much 
slower rate of guanidoacetic acid qmthesis than those of the rat. 

In rats, ammonia nitrogen is utilized for the formation of the amidine 
moiety of creatine through the amidine group of arginine as an intermediate. 
Since this grouping caimot be synthesized by the pigeon, heavy nitrogen 
administered in the form of ammonia should fail to appear in the amidine 
moiety of creatine. Barnes and Schoenheimer, using ammonia which had a 
relatively small isotope concentration, found only an insignificant excess of 
isotope in creatine (8). In the present experiment, the creatine isolated 
after administration of labeled ammonia had an appreciably higher isotope 
level, but this was largely in the sarcosine part, and not in the amidine 
moiety (Table III). This finding eliminates as a primary source of the 
amidine group of creatine any nitrogenous compound which can be directly 
formed from ammonia. 

Isotope analysis of the sarcosine derived from creatine reveals that am- 
monia nitrogen had been utilized for its synthesis. If, as in the rat, glycine 
was the main source of this grouping, it would follow that ammonia fur- 
nished nitrogen for glycine synthesis. Since in the growing chick glycine 
is required for optimal growth, this animal species appears to have a limited 
ability to synthesize glycine (12). From the data presented here it appears 
that in the pigeon synthesis of glycine takes place and that lack of nitrog- 
enous precursors cannot be responsible for any inadequacy of such 
synthesis. 


EXPERIMENTAL 

The preparation of 2 (-f) -arginine monohydrochloride containing N“ in 
the amidine group has been described previously (13). A sample of iso- 
topic glycine was generously supplied by Dr. D. Shemin of this Department. 

Feeding Experimenls 

Arginine Feeding, Experiment I — Two pigeons having a combined weight 
of 618 gm. were kept on an adequate diet of mixed grains. 2(-|-)-Arginine 
monohydrochloride containing 16.5 atom per cent excess in the amidine 
group was dissolved in water and administered by stomach tube in 6 hour 
intervals for 3 days. The two animals received a total of 414 mg. of 
arginine monohydrochloride, corresponding to 9.1 mg. of or 650 micro- 
equivalents of At the end of the experimental period the pigeons were 
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killed by decapitation. Samples of purine nitrogen were obtained from 
liver and kidney protein by the method of Graff and Maculla (14). /Vrgi- 
nine and glutamic acid were obtained by procedures routinely employed 
in this laboratory. Isolation of muscle creatine in the form of creatmine 
picrate and degradation of creatinine to ammonia and sarcosine were 
earned out as described previously (13). The isotope concentrations of 
various nitrogenous tissue constituents are listed in Tables I and III. 

From the pooled droppings e.vcreted during the e.\perimental period, uric 
acid was isolated by the method of Neubauer and Huppert (15). For the 
isolation of urea a portion of dry finely ground droppings was extracted 
continuously for 8 houm with 90 per cent ethanol containing 1 per cent 
acetic acid. The extract was brought to drjmess in vacuo and the residue 
dissolved in water. Urea Avas precipitated from this solution as the di- 
xanthydryl compound and the latter recrystallized from glacial acetic acid. 
The N“ concentrations of uric acid and urea are given in Table II. 

Arginine Feeding, Experiment II; Dislrihidion of in Excreta — One 
pigeon Aveighing 320 gm. received by stomach tube over a period of 2 days 
a total of 217 mg. of Z(+)-arginine monohydrochloride in aqueous solution. 
The compound contained 4.20 atom per cent excessK*4n the amidine group, 
corresponding to a total of 86.5 microequivalents of The (air-dried) 
droppings excreted during the e.xperimental period Aveighed 5.58 gm. and 
contained 7.16 per cent nitrogen. The N** concentration Avas 0.0S2 atom 
per cent excess N*®. Therefore a total of (5.58 X 7.16 X 0.082 X lOO)/!! 
= 23.4 microequivalents or 27 per cent of the total administered AVas 
excreted during the experimental period. In order to determine the quan- 
titative distribution of among the nitrogenous constituents of the drop- 
pings it Avas necessary to obtain analytical data on the composition of pigeon 
excreta. Since the values reported for the uric acid content of various 
species of birds differ considerably (16), a quantitative determination Avas 
carried out by the isotope dilution method. 3 gm. of droppings from a 
normal pigeon on a non-isotopic diet Avere finely ground and intimately 
mixed Avith 0.300 gm. of uric acid containing 0.092 atom per cent excess 
The mixture Avas extracted exhaustively by hot 2 per cent NaOH and uric 
acid isolated from the extract by the method of Neubauer and Huppert (15). 
After several reprecipitations from alkaline solution Avith hydrochloric acid 
the uric acid (N(KjeIdahl) found 33.3, calculated 33.3 per cent) contained 
0.042 atom per cent excess N*®. The 3 gm. of droppings AA'hich contained 
201 mg. of N therefore contained 0.300 X (0.092/0.042 — 1) = 0.357 gm. of 
uric acid, corresponding to 119 mg. of uric acid nitrogen or 59.2 per cent of 
the total nitrogen. 

If this value is used, then 59.2 per cent of 0.400 gm. = 0.237 gm. Avas uric 
acid nitrogen in the present e.xperiment. The uric acid excreted after ad- 
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ministratioa of isotopic arginine contained 0.022 atom per cent excess 
Therefore, (0.022 X 0.237)/14 = 3.7 microequivalents of or 16 per 
cent of the total N“ e.xcreted, were present as uric acid. 

For a quantitative determination of urea a portion of the droppings v>as 
extracted exhaustively with 90 per cent ethyl alcohol containing 1 per cent 
acetic acid. The extract was evaporated to dryness in vacuo and taken up 
in HjO. Urea was precipitated from this solution as dixanthydryl urea. 
Three separate determinations gave 4.82, 4.82, and 5.6 per cent of urea ni- 
trogen in the total nitrogen of the droppings. The urea nitrogen contained 
0.848 atom per cent excess Of the total nitrogen excreted (0.400 gm.) 
(5.0 X 0.400)/100 = 20 mg. were urea .nitrogen; hence (20 X 0.848)/14 
= 12.1 microequivalents of N^, or 51.7 per cent of the total excreted, 
were present as urea. The isotope content of urea and uric acid accounts 
for 68 per cent of the total excreted. The remaining 32 per cent 
could not be identified. The alcohol extract of the dried pigeon droppings 
contained 58 mg. of nitrogen with an isotope concentration of 0.480 atom 
per cent excess This corresponds to 14.5 per cent of the total nitrogen 
axcreted and 83.5 per cent of the present in the droppings. Urea nitro- 
gen (20.0 mg.) accounted for 34.5 per cent of the nitrogen and for 61 per 
cent of the in the alcohol extract. The remaining nitrogen (38.0 mg.) 
must have contained an average concentration of ((0.48 X 58) — (20 X 
0.848))/3S.0 = 0.286 atom per cent excess The values for the isotope 
concentrations in the nitrogenous portions of the excreta are given in Table 
II. 

Feeding of Glycine — One pigeon, weighing 285 gm., received by stomach 
tube three doses daily of isotopic glycine for a period of 3 days. A total of 
150 mg. of glycine containing 33.8 atom per cent excess was ^ven, 
corresponding to 9.45 mg. or 675 microequivalents of X“. At the end of 
the ex'perimental period the pigeon was killed and the creatine isolated from 
muscle. The X“ concentrations are given in Table III. 

Feeding of .immonium Citrate and Citndline — One pigeon weighing 300 
gm. received by stomach tube a total of 61.7 mg. of NHj as ammonium 
citrate containing 14.5 atom per cent excess and ISO mg. of df-citrulline 
(17). The solution was administered in three doses daily over a period of 
3 days. At the end of the e-xjierimental period the pigeon was killed and 
arginine isolated from liver and kidney protein. The isotope concentra- 
tions were for liver arginine, total X 0.016, amidine X 0.020; for kidney 
arginine, total X 0.019, amidine X 0.025 atom per cent excess X'^ The 
isotope data for muscle creatine are given in Table III. 

Feeding of Ammonium Citrate Alone — One pigeon received the same 
quantity of isotopic ammonium citrate as in the first e.xperiment, but no 
citruUine. The ar^nine isolated contained for liver .ar ginin e, total N 
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0.009, amidine N 0.008; for kidney arginine, total N 0.009, amidine N 
0.009 atom per cent excess 


SUMMARY 

1. Z(+)-Arginine containing nitrogen N'* in the amidine portion was 
administered to pigeons and the distribution of isotope was determined in 
the nitrogenous fractions of the excreta and in various tissue constituents. 

2. In the pigeon, the amidine group of arginine cannot be synthesized, 
since this moiety contained no excess of N“ when isotopic ammonia alone or 
ammonia and citrulline were administered. 

3. The distribution of isotopic nitrogen in muscle creatine was determined 
after administration of labeled arginine, glycine, and ammonia. 

The author is indebted to Mr. Irving Sueher and Mr. M. M. K. Zung for 
valuable assistance in the course of this work. 
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FACTORS INFLIFENCING THE INACTIVATION OF UREASE BY 
ALKYLATING AGENTS* 


Bt W. MOKTON grant akd V. EVERETT KINSEY 

(From the Howe Ldboraiory of Ophikatmology, Harvard Medical School, Boslon) 

(Received for publication, June 28, 1946) 

In the production of biolo^cal effects such as vesication by bis-^-chloro- 
ethyl sulfide (mustard gas) it has been considered probable that inactiva- 
tion of tissue enzymes is of foremost importance. In view of the reaction 
characteristics of bis-^-chloroethyl sulfide it has appeared likely that this 
inhibition is due to an alkylation reaction involving essential groups of the 
enzymes. Involvement of sulfhydtyl groups especially has been suggested 
by knowledge of the high reactivity of bis-jS-chloroethyl sulfide with such 
groups in simple compounds. 

To furnish information on some of the factors affecting this mechanism of 
enzyme inhibition, an investigation and comparison have been made of the 
influence of hydrogen ion, phosphate, and alkylating agent concentrations, 
and the state of activity on the inactivation of a single enzyme, urease, by 
bis-|3-chloroethyl sulfide and by several other agents of somewhat differing 
characteristics. This particular enzyme was chosen, not because of any 
supposed involvement of urease in vesication, but because many of the 
physical and chemical properties of urease have already been characterized 
and its ureolytic activity, which is conveniently measurable, has been well 
demonstrated to depend upon the freedom of specialized sulfhydiyl 
groups (1). 

The alkylating agents considered in this study were bis-^-chloroethyl 
sulfide, its half hydrolysis product, fl-chloro-fl '-hydroxy diethyl sulfide (also 
known as semi-H), and an oxidation product, divinyl sulfone. For com- 
parative purposes inactivation by benzoquinone, 2-methyI-l, 4-naphtho- 
quinone, and iodine was also investigated. It was to be expected that dif- 
ferences would be found in the behavior of the chloroethyl sulfides and 
divinyl sulfone, for although they are all vesicant alkylating agents reacting 
readily with sulfbydryl groups, they have different reactivities with respect 
to other groups. There is a distinct contrast in the stabilities of these com- 
pounds in water; the chloroethyl sulfides hydrolyze readily with the produc- 
tion of innocuous thiodiglycol and hydrochloric acid, while divinyl sulfone 

* The work described in tins paper was done under a contract, recommended by 
the Committee on Medical Research, between the OtSce of Scientific Research and 
Development and Harvard University. 
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is relatively uni’eactive ivith water. Thus the proportion of the chloroethyl 
compounds which react in water solution wth hydroxyl ions, and sulf- 
hydryl, amino, and carboxyl groups is dependent on the individual reac- 
tivities and concentrations of each group present. On the other hand, in 
the case of divinyl sulfone, the reactivities and concentrations of the various 
amino acid groups determine not only the proportion of divinyl sulfone 
reacting mth each, but also the over-all rate of disappearance of this rea- 
gent. The rate of disappearance of divinyl sulfone in aqueous reaction 
mixtures is usually less than that of the chloroethyl compounds. 

Methods 

Crystalline urease obtained by aqueous acetone extraction of jack bean 
meal in the manner described by Sumner (2) was dissolved in various aque- 
ous solutions and routinely incubated for 2 to 3 hours at 30° to obtam a 
condition of appro.ximately constant ureolytic activity before exposure to 
inhibiting agents. These agents were added in alcohol solution equivalent 
in volume to 1 per cent of the final reaction mixture, and complete solution 
was effected by brief shaking. A period of 15 minutes at 30° was then 
allowed for complete reaction when the chloroethyl compounds were used. 
With divinyl sulfone longer times were employed, as specified below. At 
the end of the reaction period, the extent of inactivation was determined by 
comparison of the ureolytic activity remaining in the reaction mixture wth 
the activity of a control solution. The ureolytie activity of all solutions 
was determined in the manner established by Stunner (2); i.e., by mixing 
the solutions with an equal volume of 3 per cent urea in neutral 0.6 M phos- 
phate buffer and allotving the reaction to proceed for e.xactly 5 minutes at 
20°. At the end of this time the enzymatic activity was arrested by addi- 
tion of hydrochloric acid. The amount of ammonia produced was meas- 
ured by a diffusion method in which absorption in glycerol-boric acid and 
titration to an indicator end-point with hydrochloric acid (3)' were em- 
ployed. 


EXPERIMENTAL 

Inhibition by Bis-fi-chloroethyl Sulfide - — ^The influence of the age of the 
urease solution on the susceptibility of the enzyme to inhibition was investi- 
gated first, because the ureolytic activity was observed to increase for an 
hour or two from the time the crystalline urease was dissolved in buffer 

» We have employed an overnight distillation period to insure complete transfer 
of ammonia to the glycerol-boric acid, and instead of vaseline have used Carbowax 
1500 to seal the diffusion vessels, considerably facilitating their cleaning. 

* The dichloroethyl sulfide was prepared by reaction of thiodiglycol with thionyl 
chloride and was purified by vacuum distillation followed by crystallization from 
ether at a low temperature, 
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solution. Accordingly, sufficient dichloroethyl sulfide to produce an initial 
concentration of 0.002 m was added to freshly prepared and 3 hour incu- 
bated solutions of urease in 0.025 ii phosphate buffer at pH 8.5, 30°. It 
was found that when the activity was 1.12 Sumner units per ml. in the fresh 
solution 53.5 per cent inhibition occurred, while in the incubated solution at 
1.35 units per ml. activity there was 57 per cent inhibition, a difi'erence 
which was not considered significant. 

The influence of the hydrogen ion concentration on the reaction of di- 
chloroethyl sulfide mth urease was investigated by e.^posure of urease to 
0.001 and 0.002 ii dichloroethyl sulfide at pH 6, 7, 8, and 8.5 in 0.025 ii 
phosphate buffer. This buffer was adequate to prevent significant change 



Fia. 1. Curves showing the proportion of ureolytic activity fin per cent) remaining 
after reaction of urease with different amounts of bis^^Kihloroethyl sulfide (H) • in 
0.025 M phosphate buffer at each of four different hydrogen ion concentrations. 

in pH during reaction. Fig. 1 shows that the susceptibility of the enzyme 
to inactivation increases markedly with increase of the pH from 6 to 8. 

The influence of varying the phosphate concentration in the reaction mhc- 
ture was ne-xt investigated. This was done by e.xposing the enzyme to 
reaction with 0.0003 ii bis-/3-chloroethyl sulfide in water and in 0.025 m 
phosphate, both maintained at pH 8 to 8.5 during reaction by continuous 
titration with sodium hydro.xide under potentiometric observation. Under 
these conditions there was 91.5 per cent inactivation in the absence of phos- 
phate and only 26.3 per cent in its presence. Further information on the 
relation of phosphate concentration to inactivation was obtained bj' e.\-pos- 
ing urease to 0.001 and 0.002 ii dichloroethyl sulfide in 0.025, 0.1, and 0.3 ii 
phosphate buffer solutions all at pH 7. The results are shown in Table I, 
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from which it is evident that increasing inhibition was obtained with de- 
creasing phosphate concentration. 

Inhibition by fi-Chloroethyl-^'-hydroxyethyl Sulfide — ^Urease was treated 
mth several concentrations of /3-chloroethyl-/3'-hydroxyethyl sulfide’ in the 
same manner as with the dichloroethyl compound, but only at pH 7 and 8.5, 
and in a single phosphate buffer concentration of 0.025 m. It will be ob- 

Tablb I 


Activity of Ex-posed Urease (in Per Cent) 


Initial concentration of 
bis-^-cbloroethyl sul5de 

Fhosphate conccotration in solution, all at pH 7 

0.075 u 

0.1 u 

0.3 U 

u 




0 

100 

100 

100 

0.001 

75 

90 

96 

0.002 

55 

1 

86 

i 

95.5 



Fig. 2. Curves showing the proportion of ureolytio activity (in per cent) remaining 
after reaction of urease with different amounts of /5-cbloroethyl-/3'-hydroxyethyl 
sulfide (semi-H) in 0.025 M phosphate buffer at pH 7.0 and at pH 8.5. 

served (Fig. 2) that the inhibitory action of the monochloroethyl compound 
is appro-ximately half that of the dichloroethyl compound, but that the 
action of both is similarly influenced by pH. 

Inhibition by Divinyl Sulfone — The influence of divinyl sulfone on urease 
activity was determined by employing the same e.xperimental technique as 
already described for dicloloroethyl sulfide, e.xcept that longer times were 
permitted for reaction, owing to the slower rate of reaction of divinyl 
* A description of the method of synthetic preparation of this compound is in press. 
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sulfone. Data on the actmty of urease follo\mg e.xposure to different 
concentrations of divinyl sulfone at pH 8 in 0.025 if phosphate buffer for 
60 minutes at 30° are presented in Fig. 3. The influence of the pH on the 



Fiq. 3. Curve showing the proportion of ureolytic activity (in per cent) remaining 
after reaction of urease with different amounts of divinyl sulfone (DVS) for 1 hour 
in 0.025 is phosphate buffer at pH 8, 30°. 



Fig. 4. Curves showing the proportion of ureolytic activity (in per cent) present 
during the reaction of urease with 0.001 si (initial concentration) divinyl sulfone 
(DVS) in 0.025 si phosphate buffer at three different hydrogen ion concentrations. 

rate of inactivation is shown in Fig. 4 for 0.001 m ditdnyl sulfone in 0.025 m 
phosphate buffer at pH 6, 7, and 8 at 30°. The inactivation reaction, like 
that for dichloroethyl sulfide, is seen to be markedly dependent on the 
hydrogen ion concentration between pH 6 and 8. 
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The effect of phosphate on the inhibition of urease by divinyl sulfone 
was examined by exposing the enzyme to 0.002 M divinyl sulfone for 1 hour 
at 30° in several different concentrations of phosphate buffer and in sodium 



Fig. 5. Lower section, curves showing the ureolytio activity (in units) of solutions 
of urease in varying concentrations of phosphate buffer at pH 8 to 8.5 at 30° and in 
similar solutions treated with 0.002 M (initial concentration) divinyl sulfone (DVS) 
for 1 hour; upper section, curve representing a ratio of the curves of the lower section 
of the figure and showing the proportion (in per cent) of the ureolytic activity of con- 
trol urease solutions of varying phosphate concentration after reaction with 0.002 
Ji divinyl sulfone for 1 hour at pH 8 to 8.5, 30°. 

hydro.-dde solution at pH 8 to 8.5. Each of these solutions contained the 
same concentrations of crystalline urease and, as usual, was incubated first 
for 3 hours at 30°. The activities measured in control and divinyl sulf one- 
exposed solutions are shown in Fig. 5. It will be observed that the activity 
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of the coatrol varied somewhat with the amount of phosphate present. 
The per cent inactivation caused by divinyl sulfone at each phosphate con- 
centration is also shown as a part of Fig. 5 in which it may be seen that, in 
direct contrast to the behavior observed with dichloroethyl sulfide, the 
inhibition by divinyl sulfone increases with increasing phosphate concen- 
tration from 0 to 0.05 m. 

To eliminate the possibility that the increased sensitivity of urease to 
divinyl sulfone was due to the presence of potassium in the buffer rather 
than phosphate, urease was exposed to 0.002 m divinyl sulfone for 1 hour 
in 0.025 SI phosphate buffer and in 0.025 m potassium chloride solution ad- 
justed to pH 8.5 with potassium hydro-xide. Inactivation of only 20 per 
cent occurred in the potassium chloride solution, compared to 50 per cent 
in the presence of phosphate. 


Table 11 


Inhibitory Efttiiveness of Vanous Substances in Presence of Phosphate 


Compound 

Coficeutntioa 

Time 

Per cent inactivation 
of urense 

InNoOH, 

1 pH 

InO^u 

phosphate. 

Divinyl sulfone 

il 

2 X i(r* 

nitt. 

60 

16 



2.S X !(!■♦ 

60 

37 

70 


S X io-‘ 

30 

U 

34 


3 X ir* 

15 

45 

40 



To determine whether increased inhibitory effectiveness in the presence 
of phosphate w'as a characteristic peculiar to divinyl sulfone or whether it 
was common to other poisons, the influence of phosphate on the inactivation 
of urease by three other inhibitory agents was determined. The amounts 
of inactivation produced by benzoquinone, menadione (2-methyI-l,4- 
naphthoquinone), and iodine with and without 0.025 ii phosphate at pH 8 
to 8.5 were measured and are shown in Table II. Increased inhibitory 
effectiveness in the presence of phosphate was observed with benzoquinone 
but not with menadione or iodine.^ 

DISCUSSION 

It was observed with both the chloroethyl sulfides and divinyl sulfone 
that inactivation of urease increased markedly with increase of pH from 

‘ Inactivation by menadione and iodine was partially reversible by cysteine, but 
no reversal of the effects of any of the other agents studied could be obtained with 
cysteine, cyanide, or change of pH. 
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6 to 8. This behavior appears to be congruous with the characteristics of 
alkylation of sulfhydryl groups, which is dependent on dissociation of the 
sulfhydryl and it is probable that the recognized essential b sulfhydryl 
groups of the enzyme were involved by each of the alkylating compounds. 

The observation that /?-chloroethyl-^'-hydroxyethyl sulfide caused ap- 
proximately half as much inhibition as the dicbloroethyl sulfide indicates 
that the effectiveness in producing inactivation was proportional to the 
alkylating potentialities of these compounds and was not influenced by 
special properties such as the presence of two reactive radicals in a single 
molecule, which might lead to cross-link or ring formation. 

The influence of phosphate on -the inactivation of urease appears com- 
plicated because of the completely opposite effects observed with dichloro- 
ethyl sulfide and with divinyl sulfone. With dicbloroethyl sulfide the 
decreased inactivation found in the presence of phosphate is probably ex- 
plained by the fact that phosphate, like hydroxyl, reacts mth dicbloroethyl 
sulfide in competition nith the enzyme and provides it partial protection. 
On the other hand, the increased inactivation by divinyl sulfone, which was 
noted in the presence of phosphate, does not seem explainable by any known 
effect of phosphate on this compound, but must be attributable to some 
influence of phosphate on the enzyme, enhancing its susceptibility to in- 
hibition. "VA^atever the mechanism of this enhancement, it apparently was 
not related to the state of activation of the enzyme, nor was it an effect 
observable exclusively wth divinyl sulfone, since increased inactivation 
was also found wth benzoquinone in the presence of phosphate. It seems 
possible that this special influence of phosphate may be dependent on the 
involvement of other groups than sulfhydryl in the enzyme, since increase 
in susceptibility was not found -with the more specific sulfhydryl reactors, 
iodine and menadione. It is also possible that the 6 sulfhydryi groups, 
which are believed to be less accessible than the unessential a sulfliydryl 
groups to alkylation by certain substances such as iodoacetic acid, may 
similarly be less accessible to divinyl sulfone and benzoquinone, but be 
rendered more readily accessible by the presence of phosphate. 

It is apparent from observation of the effectiveness of these relatively 
simple variables in modifying the response of a single enzyme to inactivation 
by alkylating compounds that enzymes in tissue are probably under influ- 
ences affecting their susceptibility in a far more complex and significant 
manner. However, by gaining knowledge of some of these factors, rvays 
to modify tissue responses to alkylating agents may become apparent. 

SUMMARY 

Investigation was made of some of the factors influencing the inactiva- 
tion of a sulfhydryl enzyme by several alkylating agents, analogous to the 
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enzyme inhibition believed to occur in bis-(3-chloroethyl sulfide tissue 
poisoning. Urease was used for the purposes of this study to typify sulf- 
hydrj'l-dependent enzyme behavior. 

It was determined that inactivation of luease by 0.001 and 0.002 ii bis-/S- 
chloroethyl sulfide increases markedly ivith increase of pH from 6 to 8, and 
also increases wth decrease in phosphate concentration when the pH is 
maintained constant. 

A similar relationship of inactivation effectiveness to pH was found with 
^S-chloroethyM'-hydro.fyethyl sulfide and divinyl sulfone. The mono- 
chloroethyl sulfide was appro-ximately one-half as effective an inhibitor as 
the dichloro compound. 

With divinyl sulfone an increase in urease inhibition was observed with 
increasing phosphate concentration from 0 to 0.05 ii at pH 8 to 8.5. This 
effect did not appear to be related to potassium concentration. A similar 
enhanced toxicity toward mease in the presence of phosphate was observed 
with benzoquinone, but not with iodine or 2-methyl-l ,4-naphthoquinone. 

The influence of pH was considered to be related to the dissociation char- 
acteristics and reactiaaty of the sulfhydryl group. It appeared probable 
that the protective action of phosphate in the case of dichloroethyl sulfide 
poisoning was due to a competitive reaction of phosphate with dichloro- 
ethyl sulfide, while there seemed to be no obvious e.xplanation for the con- 
trary effect observed with divinyl sulfone and benzoquinone. 

The authors ivish to acknowledge the valuable techrdcal assistance of 
Helen E. Pentz. 
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MEASUREMENT OF THE REACTION RATE OF BIS-^- 
CHLOROETHYL SULFIDE IN AQUEOUS MEDIA* 

Bt W. MOKTON grant ahd V. EVERETT KINSEY 

(From the Boice Lahoratory of Ophthalmology, Harvard Medical School, Boston) 

(Received for publication, July 1, 1916) 

Study of the reactions of bis-jS-chloroethyl sulfide {hereafter referred to 
as H) in biological systems has been complicated by the fact that in aqueous 
media other substances, such as ^-chloroethyl-/3'-hydroxyethyl sulfide 
(semi-H), sulfonium salts, and thiodiglycol, are formed and these sub- 
stances have different physical and physiological properties from the 
ori^nal compound- To study the behavior of the H itself necessitates 
an analytical method of sufficient specificity to distinguish H from its 
reaction products and from normal components of biological systems. 
Methods based on measurement of hydrogen ion or chloride liberation, 
oxidative titration as by hypochlorite or bromine, or measurement of the 
amount of reaction -with thiosulfate or with available color-producing 
reagents are not sufficiently specific, dnee several of the hydrolysis products 
of H also exhibit in varying degrees the reactions upon which these tests 
are based. However, by utilizing a method of H determination based on 
organic solvent extraction and reaction with dichloramine-T previously 
reported,' it has been possible to measure directly the rate of reaction of H 
in various aqueous media, including blood.* 

Methods 

The change in concentration of H during hydrolysis in water or saline 
at different temperatmes was measured as follows: 

5, 10, or 20 mg. of H were added to 100 ml. of aqueous solution at the 
desired temperature and shaken vigorously for 25 seconds to effect solution. 
At frequent intervals 5 ml. samples were withdrawn, added to 5 ml. of 
cyclohexane* (du Pont or Eastman Kodak Company, pure) in 50 ml. test- 
tubes, and shaken immediately for 30 seconds to extract the H remaining 
unhydrolyzed. By this procedure the H is quantitatively extracted from 

• The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the OfSce of Scientific Research and 
Development and Harvard Hiuvetsity . 

* Kinsey, V. E., and Grant, W. M., Ind. and Eng. Chem., Anal. Ed., in press. 

‘Measurements made in tissue will be reported (J. Clin. Invest.). 

‘Purified kerosene (InsectiBol) also has the desired solvent properties and 
may be used in place of cyclohexane or mixed with it. 
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the aqueous solution into a solvent in which it is stable and the H is effec- 
tively separated from semi-H and sulfonium salts which remain in aqueous 
solution. 1 ml. portions of the cyclohexane layers were then analyzed 
for H at seven different times during hydrolysis under each set of conditions 
of temperature and salt concentration. 

For determination of the rate of reaction of H in rabbit (albino) blood, 
10 mg. of H were added to 50 ml. of heparinized blood and dissolved by 
rapid shaking for 45 seconds. At intervals thereafter, 5 ml. samples were 
shaken vigorously for 2 minutes in glass-stoppered test-tubes with 5 ml. of 
a 4 : 1 mixture of cyclohexane and purified kerosene. The emulsion was 
separated into two layers by brief centrifuging and the amount of H 
extracted was determined by the analytical method already described. 



Fia. 1. Hydrolysis of bia-jS-chloroethyl sulfide (H) in water at several tempera- 
tures, showing the linear decrease of the proportion of H remaining unhydrolyzed 
with increasing time of reaction. 

This procedure was found to give consistent maximal recoveries of H from 
blood. 


Results 

The half life of H, as an expression of the rate of reaction, was con- 
veniently determined for each temperature and salt concentration investi- 
gated from a plot of the logarithm of H concentration against the time of 
hydrolysis. Several examples of the results obtained are given in Fig. !• 
No difference in rate was observed with different starting concentrations, 
provided all the H was in solution. The relationship between temperature 
and the half life of H in water is shown in Fig. 2. It appears from this 
line that the logarithm of the half life of H in water varies inversely with 
temperature and that the temperature coefficient is approximately 3.8. 
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Fig. 3. Relationship of the half life of bis-^-chloroethyl sulfide to sodium chloride 
concentration at 29°. 
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The effect of 0.95 per cent sodium chloride on the temperature-rate relation- 
ship is also shown in Fig, 2. In this instance, the temperature coefficient is 
3.6, similar to that for water solution. 

A series of rate determinations made at a constant temperature of 29'’, 
but with different sodium cliloride concentrations, is represented in Fig. 3, 
in which the half life of H is plotted against salt concentration. Up to 
3.0 per cent concentration, slowing of hydrolysis of H varies as the square 
root of the salt concentration. Cohen and Harris^ have demonstrated 
that this relationship of salt concentration applies similarly to slowing of 
acid formation by hydrolyzing H. 



Fio. 4. Curves showing the decrease in concentration of bis-/S-chloroethyl sulfide 
(H) with time of reaction in several samples of rabbit blood at 37° and 25° and in 0.6 
per cent saline solution at 25° for comparison. 

The values for the half life of H in rabbit blood at 25® determined from 
the curves of Fig. 4 were 68, 69, 70, and 80 minutes. These are in fair 
agreement with those obtained by Northrop and Herriott,® most of which 
lay between 50 to 60 with some at 80 minutes. The persistence of H in 
blood is apparent from a comparison of the half life of 14 minutes at ZT 
with that of 3.4 minutes for physiologic saline at the same temperature. 
Comparison of the half life values in blood at 25'’ and 37° in^cates a 
temperatme coefficient essentially the same as that for water solutions of H. 

* Personal communication from B. Cohen and J. Harris. 

‘ Personal communication from R. M. Herriott. 
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SUMMARY 

The rate of the first step of reaction of bis-/S-chloroethyl sulfide, involving 
loss of a single chlorine, was measured in water, sodium chloride solutions, 
and blood at various temperatures. The temperatme coefficient in water 
was found to be 3.8. Slowing of the reaction by sodium chloride was 
proportional to the square root of the concentration of this salt up to 
3.0 per cent. In rabbit blood the reaction rate was approximately a 
quarter of that found in 0.6 per cent sodium chloride solution. 




A SYNTHESIS OF SERINE AND ITS METHYL ESTER* 

Bt ALBERT M. MATTOCKSt Ajn> WALTER H. HARTONG 

{From the Raearch Laioraloriee, School oj Pharmacy, Vnicersity of Maryland, 

Baltimore) 

(Received for publication, July 13, 1916) 

Wood and du Vigneaud (1) have described a satisfactory synthesis for 
serine, starting with the available esters of acrylic acid. They first pre- 
pared the dibromopropionate which was converted into d-ethoxy-a-bromo- 
propioiuc acid; treatment with ammonia and subsequent deethylation 
yielded dl-serine, with an over-all yield of 47 per cent. This procedure is an 
improvement over that of Schiltz and Carter (2), who employed d-methoxy- 
ot-chloropropionic acid as an intermediate. 

The easily prepared halohydrins of the alkyl acrylates would appear to 
offer a more satisfactory route to the synthesis of serine. Melikoff (3), 
however, by allowing d-hydioxy-a-chloropropionic acid to react with am- 
monia at elevated temperatures obtained d-amino-a-hydroxypropionic acid 
rather than serine. This unexpected result was explained by the pre- 
liminary formation of an epoxy interme(fiate, CH^ — CH — COOH; this 

\/ 

reacted with ammonia to form the isomer of seriine (4). 

During the course of the present investigation it has been found that the 
bromohydrin of methyl acrylate will react with benzylamine to ©ve good 
yields of the methyl ester of N-benzylserine. The benzyl group may be 
removed by catalytic hydrogenolysis. The synthesis involves three steps, 
and the yield, based on methyl acrylate, is 63 per cent. 

EXPEKIIIENT.U, 

A mixture of 17.5 gm. (0.2 mole) of methyl acrylate, 28.0 gm. (0.2 mole) 
of potassium carbonate, and 400 ml. of distilled water, in a 4 liter beaker, 
was cooled to 0°. To this was added a cold solution of 32.0 gm. of bromine 
(0.2 mole) and 57 gm, (0.54 mole) of sodium carbonate in (hstilled water; 
the mixture was stirred for an hour at 0“. After neutralization with hy- 
drochloric acid, the mixture was allowed to stand overnight. The methyl 
d-hydroxy-a-bromopropionate was then extracted with ether and dried over 
anhydrous sodium sulfate; volatiUzatioa of the solvent left an orauge- 

* Fourth paper on the synthesis of amino acids. For the preceding papers see 
Hamlin, K. E., and Hartung, W. H., /. Biol. Chan., 146, 349 (1342) ; Waters, K. L., 
and Hartung, \V. H., J. Org. Chem., 10, 524 (1345) ; hlattocks, A. M., and Hartung, 
W. H., J. Am. Pham. Assn., 35, 18 (1316). 

tPreaenl address. Southern Research Institute, Birmingham, Alabama. 
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colored oil, weighing 30.1 gm. (82.5 per cent). Attempts to distil the oil 
resulted in decomposition. The identity of the product was confirmed by a 
negative iodoform test and by its quantitative catalytic reduction to methyl 
/3-hydroxypropionate, which on distillation formed a quantitative yield of 
methyl acrylate. 

To a cold solution of 21.4 gm. (0.2 mole) of benzylamine in 200 ml. of dry 
ether were added with stirring 18.3 gm. (0.1 mole) of methyl /3-hydro.xy-a- 
bromopropionate. Benzylamine hydrobromide crystallized immediately; 
to facilitate its precipitation, the reaction mixture was further cooled. The 
salt was removed by filtration; after being washed with ether and dried, it 
weighed 18 gm. (approximately 0.1 mole), indicating substantially quantita- 
tive reaction. To the yellow filtrate were added 50 ml. of absolute ethanol 
containing 0.1 gm. of hydrogen chloride per ml. ; on standing in the refrigera- 
tor overnight colorless platelets settled out. These were filtered off, washed 
with ether, and, after drying in vacuo over soda lime, weighed 20.8 gm. (85 
per cent). The hygroscopic hydrochloride of methyl fi-hydroxy-a-benzyl- 
aminopropionate may be recrystallized from absolute ethanol. Found, 
N (Kjeldahl) 5.65 per cent; calculated for CuHuOaN *1101, N 5.71 per cent. 
After alkaline saponification N-benzylserine was obtained, melting at 134- 
135°. Found, N (Kjeldahl)7.30and7.32percent;calculatedforCioHi303N, 
N 7.18 per cent. 

In 50 ml. of absolute ethanol was dissolved 0.4 gm. of N-benzylserine, and 
the compound was hydrogenated with palladium on charcoal according to 
the method of Iwamoto and Hartung (5). Although hydrogenation pro- 
ceeded extremely slowly, the hydrogen calculated for removing the benzyl 
group was taken up in 6 hours, and, after removal of the catalyst, colorless 
crystals were isolated from the solution, which darkened at 223-224°, 
the decomposition point recorded by Fischer and Leuchs (6) for serine. 
The yield of serine in this instance was but 45 per cent, but there is every 
reason to believe that the yields may be expected to approach the theoretical 
values by working with larger amounts. 

In 100 ml. of absolute ethanol were dissolved 8 gm. (0.083 mole) of the 
hydrochloride of methyl /3-hydro.xy-a-benzylaminopropionate. The solu- 
tion was treated with 3 gm. of palladium catalyst at 200 pounds per sq. in. 
Hydrogenolysis of the N-benzyl group was complete in 3 hours. The 
catalyst was filtered off, and the solution, which had a pronounced odor of 
toluene, was concentrated to about 50 ml. at reduced pressure and slightly 
elevated temperature; ether was added and the solution chilled overnight. 
4.7 gm. (90 per cent) of colorless crystals were obtained. After recrystal- 
lization from alcohol, the product melted at 112-114°, which agrees with 
the melting point reported for the hydrochloride of methyl /3-hydroxy-a- 
aminopropionate (7). Found, N (Kjeldahl) 9.44 and 8.94 per cent; cal- 
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COMPOSITION OF NORMAL BONE AIARROW IN RABBITS 
Bt albert a. DIETZ 

(From the Toledo Sospilal Institute of Medical Research, Toledo) 

(Received for publicatioa, July 8, 1916) 

Normal bone marrow varies considerably in its composition. There 
are variations within the same individual, depending upon the location 
of the marrow, and between individuals because of functional demand and 
age. This variable composition has been noted frequently. It has been 
shown that the water content varies linearly inversely with the lipide 
(1). However, similar correlations between other components of the 
marrow have not been described. The early work dealing with the con- 
stitution of bone marrow has been summarized by Cheng (2) and Hug- 
gins el aZ. (3). hlany of the investigations have been based upon isolated 
samples of marrow without consideration of the age and development of 
the animals. 

Various methods have been used for comparing samples of marrow. 
Most of the investigators failed to include one or more of the constituents 
in their comparative analyses. In respiration studies (4), comparisons 
were obtained by calculating the lipide-free dry weight. Huggins ei al. 
(3), using centrifuged marrow, found a relatively constant lipide-free 
solid content. These workers, however, did not apply the method to the 
analysis of all marrow samples. McCoy and Schultze (5) neglected to 
include the water content in comparing marrow from normal and anemic 
rats and calculated some of their results on the basis of the lipide-free 
dry weight. In this paper the marrow is considered as a unit, and a 
correlation is shown among all components investigated. 

EXPEHrUENT.^L 

Rabbits of different breeds were killed by exsanguination following a 
light blow on the head. Alarrow from various bones, in quantities of 
from 100 to 250 mg., was transferred to weighed 15 ml. centrifuge tubes. 
Care was taken to exclude bone spicules. The samples were then dried 
to a minimum weight at 105-110'’. It was found that 4 to 5 hours of 
drying at 110'’ gave the most satisfactory results. If heated for longer 
periods, weight was gained owing to oxidation of the lipides. The lipides 
were extracted four to five times with 10 ml. portions of 3 parts of 95 
per cent ethyl alcohol and 1 part of ether, a minimum of 1 hour being 
allowed for each extraction. The marrow was broken up with a glass 
rod and stirred intermittently. The tubes were centrifuged at 1500 
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R.p.M. and the solvent decanted into 25 X 200 mm. tubes. The solvent 
was removed by evaporation on a steam bath. The lipide-free residue 
was dried, weighed, and transferred to digestion tubes with the aid of 
sulfuric acid and water. The nitrogen content of both the lipide and the 
residue was. determined by the Kjeldahl method. The term “residue” is 
used in this paper to designate the solids remaining after the extraction 
of dry bone marrow with alcohol-ether. The composition of the bone 
marrow was calculated from the data obtained by the above method. 
The interrelationship of the components was further studied by cor- 
relation analyses, with 155 marrow samples from eleven rabbits at ages 
ranging from 37 days to 2 years. 


Table I 


Composition of Bone Marrow of Rabbit S in Per Cent of Total Marrow 


Bonemariow 

Water 

Lipide 

Residue 

Total 

nitrogen 

Lipide 

nitrogen 

Metatarsals 

22.2 

74.8 

3.0 

0.45 

0.040 

Radius 

26.4 

69.1 

4.5 

0.63 


Tihia, Hifltal 

27.6 

68.3 

4.1 

0.62 

IjV ! fl 

XJlna 

28.9 

66.6 

4.5 

0.64 



46.1 

44.2 

9.7 

1.43 

0.169 

TTiinnprUflj dintal 

62.1 

34.5 

13.4 

1.92 

0.245 

T**eTnur, rentfir 

52.6 

35.9 

11.5 

1.77 

0.184 

Tibrn, proximal 

53.6 

35.1 

11.3 

1.76 

0.189 


54.1 

32.8 

13.1 

2.05 

0.233 

TTiimfiriiH, fifinter 

54.8 

32.6 

12.6 

1.94 



55.0 

33.5 

11.5 

1.84 

0.207 

Vertebrae, lumbar 

56.3 

30.4 

13.3 

2.14 


'F’pmurj proximal 

57.3 

29.6 

13.1 

2.10 

0.281 

Hiimfiriis, proximal 

63.2 

22.6 

14.2 

2.37 


Ribs 

65.0 

19.8 

15.2 

2.37 

0.437 




Calculaiions — The symbols W, L, R, N, and Ni. are used to represent 
the percentage concentrations of water, lipide, residue (lipide-free solids), 
total nitrogen, and per cent nitrogen in the lipide, respectively. The 
calculation of the correlation between two variables was adapted from 
the methods described by Ezekiel (6) and Croxton and Cowden (7). 
The multiple correlation among W, L, and R was calculated by the 
method described by Whittaker and Robinson (8) and Fenn and Haege 
(9). 

Results 

Examination and plotting of the data on the composition of the 
marrow showed that a definite relationship existed between the various 
components. Table I gives the composition of the marrow from one 
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animal. The marrow samples taken from similar sites mother rabbits 
were similarly interrelated with deviations due to age. In general, the 
metatarsal marrow had the lowest water and residue content and the 
rib marrow the highest. The pro.vimal ends of long bones were higher in 
water and residue than the distal ends. The metatarsal marrow of 
rabbits less than 2 months old showed a higher ratio of water to residue, 
which was inconsistent with all of the other data, and hence was not 
included in the calculations. 

Correlation of Water, Lipide, and Residue — Since TF + i + ^ = 100, 
the composition of the bone marrow can be represented on triangular 
coordinate paper. Fig. 1 shows the values for the composition of the 
marrow obtained from the bones of three rabbits of different ages. The 
line shown gives the best representation of all marrow. It is not, how- 
ever, the best that could be drawn for the composition of marrow from 
individual animals. The inactive marrow is represented in the region 



Flo. 1. Compoaitiou of normal bone marrow plotted on triangular coordinates. 
Tbe agea of the animals are Rabbit 3, Smontha; Rabbit 7, 2 years; Rabbit 11, 43 days, 

of low water, low residue, and high lipide content. The multiple cor- 
relation of these three components is pven by the equation W = 0.001 
± 0.081L + 4.243 ± 0.073fl. This equation shows that 4.243 gm. of 
water are associated with each gm. of residue, and that no water is de- 
posited with the lipide. The simple correlations of these three com- 
ponents are shown in Figs. 2 to 4. 

The solid lines in Figs, 2 to 4 indicate the calculated equations for 
155 marrow samples from eleven animals, with the standard errors of 
estimate shown by the broken lines. The effect of age on the variation 
of the composition of marrow is best shown in Figs. 2 to 4. With in- 
creasing age the residue and water decrease and the lipide concentration 
increases for the marrow in any given ate. 

Correlation of Total Nitrogen with Water, Lipide, and Residue — The 
simple correlation of the water, lipide, and residue content of the marrow 
with its nitrogen content is shown in Table II. The nitrogen content of 
the marrow is a direct linear function of the water and residue, and an 
inverse function of the lipide content. The correlation as indicated by 
the correlation coefdcients is approximately equally good for all three 
regression equations. 
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In studies on respiration of bone marrow, the results are frequently 
calculated on the lipide-free dry weight (4). The nitrogen content is 
multiplied by 6.85 to obtain the lipide-free dry weight. This value was 




Fio. 2 Fio. 3 

Fig. 2. Correlation of lipide and water in bone marrow. The solid line corres- 
ponds to the equation, L = 98.98 — 1.211 ± O.OOSIF, with a standard error of estimate 
of ±1.50, and a correlation coefficient of —0.9965. 

Fio. 3. Correlation of water and residue in bone marrow. The solid line cor- 
responds to the equation, W — 4.83 •+- 3.85 ± O.ISB, with a standard error of estimate 
of ±6.80, and a correlation coefficient of 0.9013. 



Fra. 4. Correlation of residue and lipide in bone marrow. The solid line cor- 
responds to the equation, B = 18.53 — 0.180 ± 0.008L, with a standard error of 
estimate of ±1.31, and a correlation coefficient of —0.9343. 

determined by Orr and Strickland (10) for pooled samples of marrow of 
long bones of rabbits. It is not clear whether these workers included the 
nitrogen content of the lipide fraction. In Table III the results are 
calculated both as per cent nitrogen in the residue and as total marrow 
nitrogen percentage of the residue. If the nitrogen extracted by the 
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alcohol-ether solvent is included, the results are about 0.7 per cent 
higher. Table III also shows that the nitrogen content of the residue is 
a function of the water content. The residue of marrow n-ith a high 
water content has a greater nitrogen concentration than that of low 
water content. The mean nitrogen concentration of the marrow sam- 
ples is calculated for each 10 per cent interval of water content. The 


Tabus U 

Simple Comlaiion of Water, Lipide, and Seeidue of Sf arrow with Its Nitrogen Content 
(ISl Marrow Samples from Eleven Rabbits) 


EquAtIca 

Sundord error of eidznite 

ConeUtlon coeSdoit 

n' = 6.45 + 25.42 ± 0.74A‘ 

±5,31 

0.9427 

L = 92.46 - 31.60 db Q.T2N 

±5.14 

0.9639 

R = 1.0&4 + 6.18 ± O.ltiV 

±0.78 

0.9780 


Tabiai III 

Nitrogen Content of Lipide-Free Dry Residue 


WxUz la 
sorrow 

No. of MTSplet 

N» Is rcudue, 
aresise dt U ».• 

Total Na of residue, 
avenge d: $J>.* 

tttU 




&-10 

3 

10.23 ± 0.308 

11.43 ±0.158 

10-20 

8 

lO.a ± 1.376 

11.16 ± 1.353 

20-30 

16 

12.44 ±1.555 

13,23 ± 1.5S6 

30-40 

21 

12.96 ± 1.155 

13.71 ± 1.190 

40-50 

24 

13.71 ± 0.850 

14.49 ± 0.903 

50-60 

47 

14.40 ± 0.746 

15.09 ± 0.818 

60-70 

27 

14.62 ± 0.641 

15.19 ±0.655 

70-74 

4 

14.85 ± 0.2S9 

15,33 ± 0.252 

8-74 

ISO 

13.64 ± 1.502 

14.35 ± 1.473 


• Standard deidstion calculated hy A/ ■ 

Y n-l 


diSerence between the adjacent groups may be due to chance, but the 
total trend is significant. 

A comparison of the standard error of estimate of the regression of 
residue on nitrogen, R ~ 1.084 -1- 6.1827, with the standard deviation of 
the percentage of nitrogen in the residue shown in Table III indicates 
that a more reliable estimate of the lipide-free solids could be obtained 
by the use of this equation than by the method commonly used for this 
purpose (4, 10). 

Correlation of Lipide Nitrogen with Lipide — The regression of the 
lipide on the log of the lipide nitrogen was calculated after multiplying 
the latter by 100, as this makes the equation easier to use. This regres- 
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sion is illustrated in Fig. 5. The effect of age on the change of the com- 
position of marrow from the same locations is again shown. As the 
animal ages, the lipide concentration of the marrow increases, but the 
lipide nitrogen decreases. The most significant change is that associated 
with activity of marrow. The lipide nitrogen increases on a logarithmic 
scale with increased activity. Thus, a relatively larger amount of 
nitrogen, extracted by alcohol-ether, is found in active marrow. 

Lipide-Free Basis — ^The residue and nitrogen content of the marrow 
representing 150 samples averaged 19.01 =1: 2.768 and 2.71 ±. 0.338 per 
cent, respectively. The marrow samples of greater activity show a 



Fig. 5. Correlation of lipide and the log of the lipide nitrogen in bone marrow 
The solid line corresponds to the equation, L = 107.19 — 51.60 ± 1.60 log lOOiV t, with 
a standard error of estimate of ±6.82, and a correlation coefficient of —0.9355. 

trend towards a higher residue and nitrogen content within an individual 
animal, but when the marrow samples of similar activity from different 
animals are grouped this trend is lost. 

DISCUSSION 

Warren (4) has shown that the activity of bone marrow is a function 
of the lipide-free dry weight. From the results of the correlation of the 
various components, it may be stated that the activity of marrow is a 
direct function of the nitrogen, residue, water, and log of the lipide 
nitrogen content, and an inverse function of the lipide concentration. 
It is difficult to divide the marrow into active and inactive, since all 
degrees of activity may be found. 

With the composition of marrow as a criterion of its activity, it is 
apparent that there are variations in activity at different points of the 
long bones. The distal ends are less active than the proximal. This is 
most pronounced in the tibia, but also holds true for the femur and the 
humerus. In the last two bones, the diaphyseal marrow shows usually 
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less activity than the epiphyseal. The ulna marrow is slightly more 
active than that of the radius, and the activity of both approximate that 
of the distal end of the tibia. As the age of the animal increases, there 
is a decrease in the activity of all marrow. This may be compensated, 
in part, by an increase in the total amount of marrow present (11). 

A comparison of marrow on the lipide-free basis shows a relatively 
constant residue and water composition. This is due to the fact that 
most of the water is associated with the residue, and very little with the 
lipide. Such comparisons tend to make all marrow appear to be of the 
same composition, and “fundamental changes in the composition of 
animals coincident with growth and a^g may be obscured . . . especially 
if “fat-free” implies. . .freedom from all lipid substances” (12). The 
“essential lipides” certainly have a positive r61e in the function of mar- 
row. If the nitrogen content of the lipide may he considered as an index 
of the essential lipides present, these components are present in a rela- 
tively higher concentration in the active marrow. 

SUilSIABY 

There is a direct linear relationship between the water and residue 
(lipide-free solids) and an inverse linear correlation between these two 
components and the lipide content of the marrow. 

The total nitrogen concentration of the marrow varies directly with 
the residue and water and inversely with the lipide. 

The log of the lipide nitrogen (extracted with alcohol-ether) is in- 
versely proportional to the lipide concentration. 

With advancing age there is a decrease in the water, residue, total 
nitrogen, and lipide nitrogen and an increase in the Upide concentration 
of normal bone marrow. 
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PYRUVIC ACID IlST EXERCISING DEPANCREATIZED DOGS 
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Br WILLIAJillNA A. HBIWICH AiJD HAROLD E. HBIWlCHt 

(From the Department of Physiology and Pharmacology, Albany itedical College, 
Union Unioersity, Albany) 

(Received for publication, April 8, 1946) 

Tivo apparently contradictory groups of evidence exist in regard to the 
utilization of carbohydrate in diabetes. If the accumulation of lactic or 
pyruvic acid is regarded as an indicator of carbohydrate metabolism, then 
ingested carbohydrate is not metabolized by non-nervous tissues of the 
resting depancreatized dog (1, 2) or by the diabetic human patient (3, 4), 
while the exercising diabetic organism, -whether canine (5) or human (6), 
is able to use carbohydrate. The present report deals aith a reinvestigation 
of this problem and includes lactic and pyruvic acid studies in the depan- 
creatized dog and the diabetic patient after the administration of carbohy- 
drate, during exercise, and a combination of the two. 

Method 

Both canine and human subjects were used for these e.xperiments. Four 
dogs were depancreatized and maintained in excellent condition, from 4 to 
10 months, 4Yith 15 units of crystalline insulin, 60 gm. of glucose, and 200 
gm. of groimd horse meat twice daily, as -well as choline chloride, thiamine, 
riboflavin, niacin, calcium pantothenate, pyridoxine, and vitamins A, D, C, 
and K thrice weekly From one to five observations -was made on each of 
the animals after a period of 36 hours, during which they received neither 
food nor insulin. The animals were anesthetized with pentobarbital and 
subjected to exercise of their hind legs by the use of an inductorium in paral- 
lel with a metronome. 

After control samples of arterial blood were collected, the dogs were ex- 
ercised moderately for 15 minutes and then more strenuously for another 
15 minutes. The degree of exercise was the same in all animals. Blood 
samples were collected after each 15 minute period as well as at J, 1, and 2 
hour intervals after exercise was completed. Observations on t-wo of the four 

*tVe gratefully aclmowledge the financial aid extended by the Kew York Diabetes 
Association. 

t Present address, Edgewood .Arsenal, Maryland. 

• The insulin was generously supplied by Dr. P. B. Peck of Eli Lilly and Company, 
vitamins C and K by Dr. M. L. Tainter of the -Winthrop Chemical Company, Inc., 
and all other -vutanuna used in this study by Dr. Y . SubbaRow of the Lederle Labora- 
tories, Inc. 
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I 


fl.nimn.ls were made both before and after pancreatectomy. A fifth animal 
was used to obtain additional normal control values. For two of the depan- 
creatized dogs, glucose tolerance tests with and without superimposed ex- 
ercise were made. 

Three human subjects with severe diabetes, probably of pancreatic origin, 
were examined under three different conditions: exercise ivithout food, food 
without exercise, both food and exercise. All three were studied about 18 
hours after their last dose of insulin and before they had their morning dose 
on the test day. Two of these patients were in the Albany Hospital for 
regulation and were receiving only crystalline insulin; in the third patient, 
subject C, the diabetes was controlled with protamine zinc insulin. The 
food ingested was the regular morning meal and the exercise consisted of a 
step up, repeated thirty times per minute for a total of 15 minutes. Similar 
exercise was done by two normal controls in the postabsorptive state. 
Venous blood samples were drawn before and after breakfast, before and 

Table I 


Blood Pyruvate (Mg. Per Cent) with Exercise before and after Pancreatectomy 
Values after “control” represent differences from that figure. 


Total timC| tntn 

30 

60 

120 

CondiU'on 

Time intervals, min 

IS IS 


60 

Control 

Exercise 

Seat 

0.84 

1.58 

-1-0.43 -1-1,26 

-1-0.46 -1-1.26 

-0.50 -0.21 

0.00 -0.64 

m 

Normal 

Depancreatized 


after exercise, and at hourly intervals for 2 hours after the exercise. 
Pyruvic acid (7), lactic acid (8), and glucose (9) were determined on each 
sample of blood drawn. 


Results 

In Tables I to IV are presented typical figures for p 3 rruvic acid in one dog 
under a variety of conditions rather than the average values for all the 
animals. Lactic acid to pyruvic acid ratios are not given, as they increase 
with exercise and confirm similar figures in the literature (10). Blood glu- 
cose and lactate values are included only when they are pertinent. The 
effect of exercise upon blood p 3 auvate in the same dog both before and after 
pancreatectomy is shown in Table I. For Table I only, all values after the 
control figure are changes from the original level. The increases are com- 
parable and the rise of pyruvic acid xvith exercise was practically the same 
before and after excision of the pancreas. These observations are typical of 
three before and three after pancreatectomy in this dog and are in agree- 
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ment vfith a amilar pair of observations on a second dog as well as of seven 
experiments on three additional exerciang depancreatired dogs and a nor- 
mal control. 

Table II gives average values of blood pyruvate on a single diabetic dog. 
A rise in pyruTric acid does not occur after the injection of glucose in the 
resting animal, but the increase is significant -with exercise alone and is 
slightly larger when exercise is accompanied by glucose injection, either 2 
gm. or 1.5 gm. per Idlo. A similar difference between exercise alone (aver- 
age of four observations) and glucose and exercise (one observation) was 
noted in another depancreatized dog for which the data are not ^ven. 


Table II 

Average Blood PyrusaU (Mg. Per Cent) tn One Depancreatized Dog Gisen Glucose rcith 
and wiOiout Exercise and Exercise Alone 



ToUl tide j 

[ 

No. of 
ebser- 
Tztlcns 

! 

Resiubs 


1 br. 


1 

2 hrs. 1 

3 bn. 

‘Iideiatemh 

! 15 

1 salo. 

15 

zalo. 

I IS 

1 

i IS 
din. 

! 30 
; din. 

I 30 
nis. 

! 60 
din. 

Control 










1.38 

1.38 

1.13 


1.00 

1.13 



1 

2 gm. glucose 










per kilo 




Exerdsd 






0.93 

1.29 

1.28 

1.65 

2.41 

1.44 

1.31 


2 

2 gm. glucose per 





1 





kilo -i- exercise 

1.32 

1.68 

1.52 

1.68 

2.68 

1.50 

1.12 

1.24 

1 

1.5 gm. glucose 




1 






per kilo + exer- 










else 



Control 




j 






1.11 

1.90 

2.35 

1.47 

1.10 

1.46 

4 

Exercise 


Simultaneous changes in blood glucose for the same dog reported in Table 
II are found in Table HI. Though exercise appears to have no accelerating 
effect upon the fall of blood sugar towards the ori^nal value, it must be 
remembered that exercise alone is followed by a gradual rise of approxi- 
mately 100 mg. per cent in blood sugar level. In a total of four ob- 
servations on two dogs (one reported in Table III), the administration of 
gluctse, 2 gm. per kilo, resulted in a utilization with exercise similar to that 
at rest. 

Blood lactate values in general followed the same pattern as did blood 
pyruvate (Table IV), but the changes were greater. The injection of glu- 
cose in the resting animal caused a slight increase (2.8 mg. per cent) in the 
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Table III 

Average Blood Sugar (Mg. Per Cent) in One Depancreatized Dog Given Glucose with 
and without Exercise and Exercise Alone 



1 Total time 





1 hr. 


2 hts. 

3 hrs. 

No. of 

1 

1 Remarks 


Time intervals 

obser- 

vations 


1 

1 IS 

^ mio. 

15 

min. 

15 

mio. 

IS 

min. 

30 

min. 

30 

min. 

60 

min. 



Control 








■1 


462 

1030 

885 


695 

680 



H 

2 gm. glucose per 
kilo 




Exercise 





2 gin. glucose per 

370 

841 

718 

603 

524 

497 

441 


■ 

kilo + exercise 

388 

656 

610 

520 

430 

432 

432 

392 

■ 

1.5 gm. glucose 
per kilo + exer- 










else 



Control 








i 


383 

419 

392 

485 

454 

434 

3 

Exercise 


Table IV 

Average Blood Lactate (Mg. Per Centf in One Depancreatized Dog Given Glucose with 
and without Exercise and Exercise Alone 



Total time 

1 

1 

No. of 1 
obser- 
vations 1 

Rtmailu 


1 hr. 

1 

2 bis. 

1 3 bi3. 

Time intervals 

! >5 
mio. 

1 IS 

min. 

1 

IS 

mio. 

15 

mio. 

30 

mio. 

30 

min. 

60 ' 
min. 1 

Control 







1 

n 


10.7 

12.6 

13.5 


11.9 

6,5 




2 gm. glucose per 










kilo 




Exercise ! 






3.2 

6.9 

6.4 

7.5 

21.3 

6.3 

5.3 



2 gm. glucose per 










kilo + exercise 

5.4 

6.3 

7.3 

10.5 

19.6 

8.6 

5.8 

5.5 

1 

1.5 gm. glucose 










per kilo + exer- 



1 







1 cise 



Control 










5.6 

10.4 

13.1 



6.4 

4 

Exercise 


lactate level, exercise alone caused a much larger rise (7.5 mg. per cent), and 
exercise accompanied by the injection of sugar was followed by a still greater 
formation of this metabolite (18.1 and 14.2 mg. per cent). Such a result. 
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however, may be attributed to a difference in the rate and efficacy of the 
exercise. 

The results for blood pyruvate obtained on two of the three human sub- 
jects are presented in Table V. It will be seen that breakfast was followed 
by only small variations from the control value. The increase with exercise 
alone is significant and approsdmates the normal. The rise of pyruvate 
with breakfast and e.vercise is of the same magnitude as that with e.xercise 
alone in one patient, subject H, but larger in the other one, subject C. The 
values obtained on the third patient were similar. 


Tabix V 

Biood Pymfate (JSlg. Per Ceni) tcilh Ingested Carbohydrate, Ingested Carbohydrate 
and Exercise, and Exercise Alone 




1 ToU] tizce 


Subject 


1 hr. 

j 2 hxs. 1 

1 3hn. 1 

HesurLs 


Hme Istervab 



30 mia. 

30 sun. 


30 mia. 

60 mia. 



Control 

Breakfast 


1 




H 

1.73 

l.SS 

l.SS 


1.42 

1.68 

Breakfast 

C 

OM 

1.05 

1.30 

Exercise 


0.89 

0.79 


H 

] 

1.73 

1.68 

2.10 


1.S9 

1.52 

» 4- 

exercise 

c 

0.68 

1.00 

Control 

2.15 


1.68 

1.36 


H 


1.31 

1.63 

1.42 



Exercise 

C 


0.47 

1.47 

0.94 


i 



DISCUSSION 

Pyru\ic acid can be formed by exercising muscle and subsequently re- 
moved from the blood stream just as readily in the depancreatized as in the 
normal animal, a result in agreement with previous results on lactic acid 
(5, 6). In contrast to these findings, we observe that the administration of 
glucose does not produce a significant increase in blood pyruvate in the 
depancreatized dog unless accompanied by exercise, indicating that muscu- 
lar work facilitatesihe formation of pyruvate and lactate, probably from 
muscle glycogen. The observations also reveal that glucose, when injected 
into the diabetic animal, is withdrawn no more rapidly by the tissues from 
the blood in exercise than at rest. This result is surprising in view of the 
lowered insulin requirement of diabetics in exercise. 

In general the changes in the human patients were the same as in the 
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experimental animals, even though the patients were not completely 
diabetic. They showed little or no pyruvic acid increase following the 
ingestion of a breakfast high in carbohydrate. One of the two patients 
(Table V) exhibited a rise that was greater wth both breakfast and exercise 
than with exercise alone. 

The failure of pyruvic and lactic acids to accumulate in the blood stream 
of the diabetic organism after carbohydrate administration, considered in 
conjunction with the rise taking place in exercise, suggests that only the 
initial phosphorylation of glucose occurring in the hexokinase reaction re- 
quires insulin (11, 12). Apparently other intermediary steps of the Emb- 
den-Meyerhof scheme do not depend on that hormone. 

The arterial blood drawn from the dogs is an indicator of the combined 
changes occurring within the body. We know that at least two organs, the 
liver and the heart, absorb pyruvic acid from the blood stream.- There- 
fore, if the venous blood had been drawn directly from the exercising 
muscles, even greater accumulations of pyruvate than are reported here 
might have been expected. In the human subjects in whom blood was col- 
lected from the antebrachial vein, the average of the body^ as found in the 
artery, might have been further diminished by the absorption of pyruvio 
acid in the resting tissues. 

Acetoacetic acid, if present, is determined by the Friedemann and Haugen 
(7) method for pyruvate, with xylene for extraction. In our dogs, ketosis 
was probably an insignificant phenomenon. For example, three control 
values for one normal dog were 1.20, 0.84, 0.84 mg. per cent and for the same 
dog after pancreatectomy, 0.89, 1.89, 1.58 mg. per cent. We believe that 
the instances in which the blood pyruvate was elevated in the control 
samples are due to an anoxia resulting from an excessive though transitory 
barbitiuate depression. 


SUMJURY 

1. Exercising depancreatized dogs form pyruvic acid as readily as do 
normal animals, but injected glucose fails to produce the normal rise of py- 
ruvic acid in the resting diabetic animal. Injected glucose, moreover, does 
not disappear more rapidly in the exercising than in the resting depancrea- 
tized dog. In general the results in human patients with diabetes are the 
same as in depancreatized dogs. 

2. All the results in diabetic dogs and men presented in this paper support 
the observations, in vitro, of Colowick, Cori, and Price that insulin is active 
in facilitating the hexokinase reaction and in addition suggest that the other 

*Eandle3, F. S., Himwich, W. A., Homburger, E., and Himwich, H. E., Am. 
Heart J., in proaa. Himwich, W. A., and Himwich, H. E., Am. J. Physiol., in preaa. 
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THE EFFECT OF A SUSTAINED HYPERCHOLESTEROLEMIA 
ON THE LIPIDES AND PROTEINS IN THE PLASMA 
OF THE RABBIT 

Bt EEOBENIA DUBACH* akd EGBERT M. HILL 

(From the Department of Biochemistry, University of Colorado School of Medicine, 

Denver) 

CEeceived for publication, June 14, 1946) 

In the rabbit hyperlipemia is readily induced by the feeding of cholesterol 
and may reach enormous proportions. The literature reporting the 
changes produced in rabbits by cholesterol feeding is extenave. In only a 
few investigations, however, and with only a small number of animals, was 
the effect on the plasma proteins studied. Schwarz and Lichtenberg (1), 
in a single rabbit, found no change in the total protein over a period of 92 
days in which the plasma cholesterol rose to 1764 mg. but observed a fall 
in the albumin to globulin ratio from 2.5 to 1.2. Using a different tech- 
mque, IMauriac, Servantie, and Demenier (2) made a similar observation. 
They induced hyperlipemia in a rabbit by alternating cholesterol injections 
with injections of uranium nitrate for 24 days and found no change in the 
total protem but a fall in the albumin to globulin ratio coincident with the 
rise in cholesterol. In both these studies cholesterol was the only lipide 
determined. 

The experiments reported in this paper extend the above studies to a 
larger series of animals and to analyses of other lipide fractions besides the 
free and total cholesterol. The hypercholesterolemia was produced by 
feeding lanolin (cholesterol ester) to three rabbits and pure cholesterol to 
four rabbits for prolonged periods (88 to 215 days). 

Methods 

Adult white rabbits, weighing between 3 and 4 kilos, were used. All 
were kept in individual cages and were maintained on a stock diet of equal 
parts of Purina rabbit chow and rolled barley. 

The animals were divided into three groups. The first group, consisting 
of three mate rabbits, on alternate days was fed a supplement of 15 gm, of 
anhydrous lanolin (Alerck) in 10 cc. of cottonseed oil. The lanolin was 
warmed in the oil until liquid and was then thoroughly mixed with the 
grain. This amount of lanolin contains approHmately 2 gm. of cholesterol 
as the ester, which is equivalent to 1 gm. of cholesterol per day. The 

•Present address. Department of Internal Medicine, Washington University 
School of Medicine, St. Louis. 
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second group, consisting of four rabbits (two males and two females), was 
fed a supplement of pure cholesterol (Eastman) at a level of 1 gm. per day. 
The cholesterol was dissolved in hot 95 per cent alcohol and the hot solution 
was poured over a portion of the grain and then allowed to evaporate. 
During most of the time 2 gm. of cholesterol were fed on alternate days, but 
toward the end of the experiments 1 gm. was fed each day. The third 
group, consisting of two rabbits (one male and one female), was given no 
cholesterol, but was maintained on the stock diet as a control group. 

The experimental animals were kept at first on the basal diet without 
supplement for about a month, during which time several blood samples 
were analyzed to establish normal values. In the morning, before feeding, 
blood was collected from the marginal vein of the ear. A small incision 
was made in the vein and after the first few drops had been discarded the 
blood was collected in a paraffin-lined tube containing a few mg. of heparin. 

The blood was centrifuged immediately and the following substances 
were determined in the plasma: total cholesterol, free cholesterol, total fatty 
acids, lipoid phosphorus, total protein, albumin, globulin (by difference), 
fibrinogen, and non-protein nitrogen. In some of the animals cell volumes 
and red blood cell counts also were determined. 

The total cholesterol and free cholesterol were determined by the method 
of Schoenheimer and Sperry (3). Readings were made in an electropho- 
tometer. Total fatty acids were deternoined by the method of Stoddard 
and Drury (4) as modified by Man and Gildea (5). Lipoid phosphorus was 
determined by the Man and Peters (6) adaptation of the Fiske-Subbarow 
(7) method. The plasma proteins were separated by precipitation with 
sodium sulfate and the nitrogen of the fractions was determined by a micro- 
Kjeldahl procedure (8). 

Cell volumes were determined with Wintrobe hematocrit tubes centri- 
fuged at 2500 R.p.M. for 30 minutes. Red blood cell counts were made 
■with Thoma diluting pipettes in a Levy-Hausser counting chamber on 
heparinized blood diluted ivith Hayem’s solution. 

DISCUSSION 

The results of our experiments are summarized in Figs. 1 to 7. No con- 
sistent differences are shown between the animals fed lanolin (cholesterol 
ester) and those fed pure cholesterol. In all cases there was a rapid increase 
in the lipides of the plasma. For total cholesterol both the greatest 
increase, from a normal average of 30 mg, per 100 cc. to a maximum of 
2475 mg. per 100 cc. on the 70th experimental day (Rabbit 10), and the 
smallest increase, from a normal average of 39 mg. per 100 cc. to a maxi- 
mum of 852 on the 89th experimental day (Rabbit 8), are shorvn by animals 
fed pure cholesterol. 
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Turner (9) has shown that atherosclerosis is readily produced by feeding 
di-y cholesterol. However, Weinhouse (10) has concluded on the basis of 
previous work of Page and Bernhard (11) mth that of Weinhouse and 
Hirsch (12) that feeding fat with cholesterol increases the hypercholestero- 
lemia in rabbits. The same conclusion is implicit in the recent review of 
Hueper (13). Our work does not support this conclusion, but mdicates 
that hypercholesterolemia, in agreement mth the finding of Turner in 
regard to atherosclerosis, is as readily produced Avithout the use of an oil 
solvent. It should be pointed out, however, that the discrepancy between 


Hiaa$T io o' 



Fia. 7. Changes in proteins and lipides of plasma during the feeding of pure 
cholesterol. 

our finding and the conclusions of Weinhouse and of Hueper may be caused 
by our use of cholesterol esters when oil was used as a vehicle and the use of 
free cholesterol when no vehicle was employed. 

Two types of cholesterol curves are seen in the graphs: one in which the 
cholesterol rises rapidly, then levels off for a time, and later rises again 
(Rabbits 4, 6, 7, and 9) ; and another in which the cholesterol rises to a peak 
and then steadily declines until the end of the experiment (Rabbits 5 and 
10). Weinhouse and Hirsch (12) reported curves of the latter type after 
feeding cholesterol to rabbits. They attributed the decline in cholesterol to 
impairment of the absorption of food as a result of infiltration of lipides 
into the transporting cells. This conclusion was borne out by a loss of 
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^ lipemia appeared in Babbits 4 <; 
and 9 (447, 480 and 716 mg. per 100 cn, reepeotiveW. All tk7e™*;n 

Xerto^i In ! “5°““°° a' late in the 

^ completely or nearly com- 

P etely disappeared and the plasma became a dirty green when jaundice 

decreases in the plasma cholesterol level. 

• *7 development and maintenance of the lipemia there was no 

m the total protein. The fibrinogen fluctuated without 

consistent fnir +ii ^^.nd, all the animals showed a slight but 

fBabhit ^ albumn as the experiment progressed and aU but one 

(^bbit 6) showed a smultaneous increase in the globulin, which was some- 

what larger than the decrease in albumin. 

e ® in all the animals except one (Babbit 5) 

weiehf “f coincident with a decline in the body 

before denth ‘ ^ f ° (Rabbits 4, 5, and 9) the globulin rose just 

a^lk th ’ “ declined. In aU of the 

annals there was a terminal retention of non-protein nitrogen. 

few determinations of cell volume were made only a 

ever tnind^ ^’^^s.ls. There are sufficient data, how- 

of the of these values were subnormal in the latter half 

the ms ern -u+w ce mg period. The anemia in all cases is shown to be of 
the macrocytic type, with a volume index greater than 1. These findings 

To Weinhouse and Hirsch (12) who found 

when rabh'^ ^ ° ^ ^^cnaoglobin or in the number of erythrocytes 

wtien rabbits were fed cholesterol. 

observed until shortly before the 
loss in ’ when a decline in weight occurred coincident with 

edema ^ ^ animals show any evidence of 

fed choWei^f f that in his e.xperience a rabbit which has been 

ffiLest a general lack of 

been noted alsoTy Ver“/(i7)'^^Thr*^^ cholesterol-fed rabbit has 
tainpd wpll ^ i XI. ^ animals used m our study all main- 

tion of Babbit 1 the experimental period with the e.xcep- 

contbuSto ^ T the e.xperiment began and 

was observed until ° ° ^°sc in the disposition or activity of the animals 
refuse food and to experiment, when they began to 

reiuse iood and to consume less water. 

The gre attest ^ot a of bbod were necessary for the determinations, 
the cSe of 313 cc. over a period of 214 days in 

of Babbit 10 Tt w ® icnst, 76 cc. over a period of 88 days in the case 
Babbit 10. It was thought possible that the blood changes found in the 
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experimental animals might have been caused by the withdrawal of blood. 
To test this hypothesis two control animals were bled at frequent intervals 
over a period of 6 months and the same determinations were carried out as 
with the bloods of the experimental animals. A total of 240 cc. was drawn 
from one rabbit in 173 days and 234 cc. from the other in 171 days. In one 
of the animals there was a slight rise in the ‘albumin to globulin ratio. 
Aside from this, there were no agnificant changes in either the proteins or 
the lipides at any time in these two ammals. 

Ibe only significant influence that the high plasma lipides had on the 
proteins in our experiments is shown in the fall in the albumin fraction and 
the rise in the globulin. These changes did not become agmficant imtil 
after the first 2 or 3 months of cholesterol feeding. Mauriac, Servantie, and 
Demenier (2) reported agnificant falls in the albumin-globulin ratio in a few 
days after mjections of cholesterol in a rabbit made nephritic with mranium 
nitrate. Schwarz and Lichtenberg (1) reported agnificant rises in globulin 
after 4 weeks in a rabbit fed 2 egg yolks daily. 2 egg yolks per day would 
furnish from 0.5 to 1.0 gm. per day of cholesterol (18). It would furnish 
also about 4 gm. per day of phospholipide (19, 20). In our experiments 
no phospholipide was included in the dietary supplement. 

Separations of the protein fractions were made by precipitation with 
sodium sulfate. It is fair to ask what effect the high plasma lipide had on 
these separations. It is recognized that, normally, significant amounts of 
lipide are associated with protein in the plasma. It seems, therefore, that 
the many attempts to answer this question by removing the lipide from the 
plasma and comparing protein fractionation before and after this procedure 
are hardly pertinent. On the other hand, any changes in the protein 
fractionation that can be demonstrated after additions of lipide to normal 
plasma would point to the lipide as the causative factor. Went and Farag6 
(21) prepared emulsions of lecithin in water and added different amounts to 
10 cc. portions of serum. After allowing the nuxture to stand for § hour, 
they separated the protein fractions by Howe’s sodium sulfate method. Of 
two dog sera one showed no changes and the other showed small reciprocal 
changes between albumin and globulin at lecithin values near the upper 
normal limit. At higher values of lecithin the protein fractions returned 
to the levels of the untreated serum. With the same treatment the serum 
of a pig showed slight inconclusive changes. Our results seem to indicate 
that a large increase in the lipides does not of itself affect the precipitation 
of total globulin with sodium sulfate, because a considerable number of our 
analyses showed essentially unchanged values for albumin and globulin 
after the lipemia had become severe. 

When the albumin to globulin ratio decreased, the greatest decrease 
often followed the peak in the lipide values by several weeks. This is par- 
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ticularly noticeable in Rabbit 6, as seen in Fig. 2, For this reason we believe 
that the changes in the protein fractions are of a metabolic nature in re- 
sponse to high blood and tissue lipides and are not merely a physicochemical 
adjustment to these high lipide levels. 

SUMMAKT 

1. Three rabbits were fed cholesterol ester (lanolin) and four rabbits, 
pure cholesterol, over periods of 88 to 215 days. The plasma was analyzed 
at intervals for total cholesterol, free cholesterol, total fatty acids, lipoid 
phosphorus, total protein, albumin, globulin (by difference), fibrinogen, 
and non-protein nitrogen. In some animals, cell volumes and red blood 
cell counts also were determined. 

2. No consistent differences are sho^vn between the animals fed choles- 
terol ester and those fed free cholesterol. In every case there was a rapid 
increase in all the lipides determined. She of the seven animals showed a 
visible lipemia. The time of appearance of lipemia could not be correlated 
with the duration of lipide feeding nor with the concentration of lipide in 
the plasma. Two types of cholesterol curves were produced: the one in 
which the cholesterol rises rapidly, then levels off for a time, and finally 
rises again just before death; the other in which the cholesterol rises to a 
peak and then steadily declkes until the end of the experiment. In the 
second type, if the decline was caused by diminution in absorption, the 
effect must have been limited chiefly to the lipides, because there was no 
loss of weight, although the cholesterol fall continued over a period of 
months. The two types of curves cannot be correlated with sex. 

3. All of the cholesterol-fed rabbits in which red blood cell counts and 
cell volumes were determined showed an anemia of the macrocytic type. 

4. During the development and maintenance of lipemia there was no 
significant change in the total protein. Fibrinogen fluctuated without 
any definite trend. A fall in the albumin to globulin ratio became signifi- 
cant after 2 or 3 months of cholesterol feeding and usually followed the peak 
in the lipide values by several weeks. This lag in the decline in albumin to 
globulin ratio suggests that the changes in the protein fractions were of 
a metabolic nature and were not merely physicochemical adjustments to 
high lipide values. 

5. None of the rabbits showed evidence of edema at any time. 

BIBLIOGRAPHY 

1. Schwarz, H., and Lichtenberg, H. H., J. Biol. Chem., 121, 315 (1937). 

2. Mauriac, P., Servantie, L., and Demenier, G., Comvt. rend. Soc. biol., 116, 177 

(1934). 

3. Schoenheimer, R., and Sperry, W. M., J. Biol. Chem., 106, 745 (1934). 

4. Stoddard, J. L., and Drury, P. E., J. Biol. Chem., 84, 741 (1929). 



B. DUBACH AND B. M. HHJi 


531 


5. Usa, E. B., and Gildea, E. F., J. Biol. Chan., 99. 43 (1932-33). 

6. Man, E. B., and Peters, J. P., J. Biol. Chem., 101, 685 (1933), 

7. Fiske, C. H., and Subbarow, Y., /. Biol. Chim., 66, 375 (1925), 

8. Hill, R. M., and Trevorrow, V., J. Lab. and Clin. Med., 26, 1838 (1941). 

9. Turner, K. B., J. Exp. Med., 68, 115, 127 (1933). 

10. Weinhouse, S., Arch. Path., 35, 438 (1343). 

11. Page, I. H., and Bernhard, W. G., Arch. Path., 19, 530 (1935). 

12. 1176111110056, S., and Hiraoh, E. P., Ar<A. Path., 30, 856 (1940). 

13. Hueper, W. C., Arch. Path., 39, 192 (1945). 

14. Shreder, V. N., Biol. Zhur., i. 507 (1935); Chem. Zenlr., 1, 1975 (1937). 

15. Sakai, S., Biochem. Z., 62, 387 (1914). 

16. Schoenheimer, R., Virchoxcs Arch. path. Anal., 249, 1 (1924). 

17. Vers5, M., Munch, med. Woehschr., 63, 1074 (1916). 

18. Gaujoux, E., and Kriianowald, A., Compt. rend. Soc. biol., 110, 1033 (1932). 

19. Nisldmoto, U., Proc. Imp. Acad. Japan, 10, 578 (1934); Chem. .ibalr., 29, 1830 

(1935). 

20. Yokoyama, Y., Proc. Imp. Acad. Japan, 10, 582 (1934); Chem. Abalr., 29, 1830 

(1935). 

21. Went, S., and Faragd, F., Biochem. Z., 230, 238 (1931). 




THE PHOSPHATASE ACTIVITY OF HUMAN SPERMATOZOA 
Bt JOHN MacLeod* asd WILLIAM H. SUMMEESON 

(From the Departments of Anatomy and Biochemistry, Cornell University Medical 
College, New York City) 

(Received for publication, June 25, 1916) 

The metabolic activity of human spermatozoa, particularly in relation 
to the motility of these cells, has been investigated in considerable detail 
(1-3) . It has been shonm that the human spermatozoon derives the energy 
for its motility primarily, if not entirely, from the breakdown of glucose to 
lactic acid, and that motility proceeds maximally for extended periods under 
anaerobic rather than aerobic conditions. Indeed, it is doubtful whether 
oxygen plays any positive r61e in the metabolism of mature human sperma- 
tozoa, despite the fact that certain components of the cytochrome respira- 
tory system are present and can be demonstrated by indirect methods (3). 
The oxygen consumption of the actively motile cells is minute relative to 
glycolysis and leads only to the production of hydrogen peroxide in amounts 
sufficient to prove toxic to the cells, as indicated by the failure of motility at 
oxygen tensions above 20 per cent (3). 

The subordination of the reactions of oxidation to those of glycoly^ 
leads to the possibility that phosphate transfer may be of major significance 
in the metabolic processes of the ceil. It was, therefore, thought desirable 
to investigate the metabolism of human spermatozoa in the presence 
of those phosphate esters which axe of known dgnificance in carbohydrate 
metabolism in other tissues. The compounds available to us included 
adenosine triphosphate, adenylic acid O^east and muscle), the various 
hexose mono- and diphcsphates, and fi-^ycerophosphate. 

EXPEHEUEXTAI, 

MeOwda 

The spermatozoa were obtained by low speed centrifugation of pooled 
specimens of normal hu m a n semen. In the preliminary experiments, the 
packed cells were washed once by resuspension in Ringer’s solution and 
recentrifugation. In later experiments, this washing process was repeated 
twice. The washed cells were finally suspended in a suitable volume of 
Ringer’s solution, and cell counts and motility determinations were made by 
methods which have already been described (1). Aliquots of the cell sus- 
I)ension were then incubated at 38“ in 'Warburg manometers for the deared 

•Aided by grants from the National Committee on Maternal Health and from 
Mr. C. V. Whitney. • 
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length of time, usually 3 or 4 hours, in the presence of the compound under 
investigation. In most experiments, the gas phase contained 5 per cent 
CO 2 , in either N 2 or O 2 , as the experiment called for, -with sufficient bicar- 
bonate added to the medium to insure a pH of approximately 7.4. Glucose 
when present was at a concentration of 100 mg. per cent. 

Manometric readings were taken at suitable intervals to determine (1) 
thelacticacid formation under control conditions, (2) the possible production 
of acids, other than lactic, or of base, by hydrolysis of the phosphate esters, 
and (3) as an aid in evaluating the possibility of phosphate transfer rather 
than the liberation of inorganic phosphate. In regard to (3), a similar 
approach to the problem has been made by Colowick and ICalckar (4). At 
the close of the experimental period, a fraction of a drop of the vessel con- 
tents was usually removed for cell motility determination, and the remain- 
ing vessel contents treated with 0.5 cc. of 20 per cent trichloroacetic acid 
solution and transferred quantitatively to a graduated container for the 
preparation of the protein-free filtrate, on which subsequent chemical analy- 
ses were run. 

We have found that trichloroacetic acid does not completely deproteinize 
the average semen preparation. This effect is more pronounced with fewer 
washings of the cells; so it is presumably due to adhering seminal fluid pro- 
tein. Completely protein-free preparations are readily obtained by adding 
phosphotungstic acid to the trichloroacetic acid preparation, appro.ximately 
0.1 cc. of 5 per cent phosphotungstic acid per 10 cc., the final voliune being 
usually sufldcient. Any phosphotungstic acid in excess in the filtrate will 
interfere with subsequent phosphate analyses by producing a small blank 
color in proportion to the excess of phosphotungstic acid present. This ex- 
cess will be constant for a given experiment, however, so that (differences be- 
tween two filtrates will be significant, even though the absolute values for 
phosphate content cannot be determined accurately in the presence of pbos- 
photungstic acid. These conclusions have been confirmed by the recovery 
of added phosphate in trichloroacetic acid filtrates containing excess phos- 
photimgstic acid. 

Occasionally, we have been fortunate enough to secure cell preparations 
which were so thoroughly freed of seminal fluid protein by washing that 
the addition of phosphotungstic acid was unnecessary. Chemical analyses 
under these conditions gave phosphate values identical Avith those in the 
presence of phosphotungstic acid. 

Phosphate determinations were made by the method of Fiske and 
Subbarow (5). Lactic acid was determined by the method of Barker and 
Summerson (6) . Glucose was determined by a combination of the Hage- 
dom-Jensen (7) and Folin-Malmros (8) methods, as follows: An aliquot 
of the trichloroacetic acid-phosphotungstic acid filtrate containing about 
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200 to 300 7 of glucose was treated with. 1 per cent sodium carbonate to 
faint alkalinity, and then diluted to 10 cc. A 1 cc. portion of this was 
removed (the remaining 9 cc. were usually used for the lactic acid analysis) 
and placed in a Klett^ummerson colorimeter tube. 1 cc. of the Hagedom- 
Jensen alkaline ferricyanide reagent was added, and the tube placed in a 
boiling water bath for 15 minutes. After cooling, 1 cc. of the Folin- 
Malmros ferric-iron-gum ghatti reagent was added, followed by water to 
a volume of 10 cc. The color was read in the photoelectric colorimeter 
after 10 minutes standing, with a green filter (5i0 ma). From the read- 
ing of a suitable standard prepared at the same time, the glucose con- 
centration was obtained. 


Table 1 

Aclion of Buman Spermatozoa on Adenosine Triphosphate (ATP) 


Temperature, 38°; medium, Ringer-bicarbonate; volume, 1.2 cc.; cells washed 
once with Ringer’s solution before use; pH 7.4. 


CeQ count 

Xio* 

Time 

Gu plu&e 

Glucose 

1 

ATP P tided 

Isorgaaj'cP 
lonntd : 

Hydroirsa 
of ATP 

i__n 




7 

7 

P<f c*%l 



NrCO, 

+ 

95 

95 

100 



0,-C0. 

+ 

95 

98 

103 

152 


KrCOj 

+ 

99 

95 

96 

132 

4 

0,-CO, 

+ 

99 

97 

93 

205 

3 

N,-COi 

+ 

82 


9i 

205 

3 

K 


82 


102 

215 

4 

tl 

+ 

99 


96 

107 

3 

«$ 

— 

95 


96 


Resulta 

Adenosine Triphosphate — ^The phosphatase activity of human sperma- 
tozoa on adenosine triphosphate (ATP) is illustrated by the data of Table I. 
The adenosine triphosphate used in these experiments was prepared from 
rabbit muscle and characterized by the usual methods based on the ratio 
of nitrogen to phosphorus, and of labile phosphorus to total phosphorus. 
It was usually added at the concentrations indicated, m the form of a 
filtered or centrifuged solution of the calcium salt in Ringer’s bicarbonate 
solution. Use of the sodium salt gave identical results. 

In the first group of experiments, cells washed once with Ringer’s solution 
were used. It was found that complete splitting of all the phosphorus 
from ATP invariably occurred. It appeared probable that contamination 
of the cells by adhering seminal fluid might account for these results, 
since seminal fluid is known to have a powerful and heterogeneous phos- 
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phatase activity (9). Accordingly, the experiments were repeated, with 
cells which had been washed three times ivith Ringer’s solution, to remove 
as much of the adhering seminal fluid as possible. 

The well washed cells proved to have a phosphate-splitting power 
eorresponding to the liberation of between 1 and 2 of the 3 phospllorus 
atoms present in ATP (Table II). The variation here appeared likely, 
due to incompletion of reaction, since the greatest number of cells with 
the smallest concentration of substrate gave the highest per cent of splitting. 
To test this, several experiments were run with a minimal amount of 
added ATP, and the rate of phosphate hydrolysis followed. The results 
of these experiments are indicated by Fig. 1, which shows clearly that 
under optimal conditions for progression of the reaction to completion 
the cells split two-thirds of the total phosphorus from ATP, and no more. 


Table II 

Action of Human Spermatozoa on Adenosine Triphosphate (,ATP) 
Temperature, 38“; medium, Ringer-bicarbonate; pH 7.4; volume, 1.2 co., cells 


washed three times with Ringer’s solution before use. 


Cell count 

X 10‘ 

Time 

Gas phase 

Glucose 

ATP P added 

Inorganic P 
formed 

Hydrolysis- 
o f ATP 


hts. 



y 

Y 

per eeni 

64 

3 

Nj-COj 

-h 

182 

60 

28 

182 

3 

<( 


82 

37 

45 

108 

3 

<< 

■Y 

89 

40 

45 

108 

3 

Oj-COj 

-h 

89 

39 

44 

02 

4 

N,-CO, 


115 

47 

41 

120 

3 


— 

55 

37 

67 


This would correspond to the formation of adenylic acid from adenosine 
triphosphate. Although we have not isolated adenylic acid from the 
reaction mixture, all our evidence indicates that this is the fundamental 
reaction that occurs when human spermatozoa which have been washed 
free from contaminating seminal fluid are incubated with ATP. The 
significance of this reaction will be discussed below. 

The action of hmnan spermatozoa on various other phosphate esters of 
possible significance in intermediary carbohydrate metabolism has also 
been studied. Representative results are summarized in Table III. The 
hexose-6-phosphate (“Embden ester”), together with a sample of glucose- 
1-phosphate, was kindly supplied by Dr. Carl Cori. Not included in 
Table III are results on fructose-1 ,6-diphosphate and on sodium jS-glycero- 
phosphate, because they were essentially identical with those shown. 

In every case, it was found that, while the once washed cells produced 
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considerable hydrolysis of all the phosphate esters studied, when the cells 
were washed three times their ability to split phosphate from these com- 



Fio. 1, Time relationship of action of spermatozoa on adenosine triphosphate. 
Temperature, 38“. Ringer-bicarbonate medium, anaerobic, pH 7.4; volume, 1.15 
CO.; cells washed three times. 


Txbvs III 

Action of Human Spermatozoa on Hexose-6 -phosphate and Glucose-l-phosphate 


Temperature, 38°; medium. Ringer-bicarbonate; pH 7.4; volume, 1.2 cc.; gaa 
phase, Nj-COj; no glucose in medium. 



Cell count 

X io» 

Cells 

wished 

Use 

EsttiP ' 
added 

Inorganic | 
P formed j 

Hydrolj-sb 

of ester 



times 

krs. 

|B 

1 

7 

per cent 

Hexose-6-pho3phate 

213 

1 

4 


S3 

74 


107 

1 

4 


34 

30 


ICO 

3 

3 

256 

4 

1.5 


58 

3 

3 

167 

3 

1.3 


174 

3 

3 

220 

5 

0 O 

Glucose-l-phosphate 

157 

3 

3 

112 

2 

1.7 


93 

3 

4 

103 

3 

2.9 


120 

3 

3 1 

72 

2 

2.8 


pounds was completely lost. ^Tiether this is due to inability of the sub- 
strate to penetrate the cell structure or to some other reason is not known. 
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It is clear, however, that of the various phosphate esters studied only 
adenosine triphosphate^ is acted upon by the cells. 

DISCUSSION 

The presence of ATP or of other phosphate esters studied does not have 
any effect either in depressing or elevating the motile activity of the 
spermatozoa. As has been shown (2), the motility of human spermatozoa 
fails rapidly in the absence of glucose. This failure of motility is not 
arrested in the presence of ATP dephosphorylation, so that if any energy 
is released in this reaction it is not available for motile activity. It should 
also be emphasized that none of the glucose esters studied maintained 
motility in the absence of free glucose, or if they were not dephosphorylated 
by adhering seminal fluid. For example, the Cori ester did not sustain 
the motility of thrice washed cells but proved an excellent substrate with 
once washed cells. Lastly, the presence of ATP or the other esters did 
not have any effect in raising, or lowering lactate production in the presence 
of glucose. The reason for this apparent specific enzymatic activity 
of human spermatozoa on ATP is, therefore, not obvious at this time. 

It was considered possible that, in the presence of suitable acceptors, 
the phosphate split from ATP by the spermatozoa adenosinetriphosphatase 
would be transferred. This did not prove to be the case. A variety of 
possible phosphate acceptors including glucose, creatine, and hexose 
monophosphate was added to the incubation medium in the presence of 
ATP, but in each instance, the inorganic phosphate recovered was the 
same as in the absence of the acceptors; nor was there any manometnc 
evidence of phosphate transfer. These data do not agree with the recent 
findings of Mann (10) with ram spermatozoa. 

The adenosinetriphosphatase activity of the seminal fluid, through 
which all of the phosphate bonds of ATP are hydrolyzed, is not associated 
with the “acid phosphatase" activity of the seminal fluid described by 
Gutman and Gutman (9). We have determined the activity of a partially 
purified preparation of this enzyme- in the presence of ATP and found it 
to be inactive. However, it splits the phosphate of jS-glycerophosphate 
and the hexose phosphates very rapidly and completely. It is probable 
that the adenosinetriphosphatase activity of the seminal fluid is mediated 
through a phosphatase hitherto undescribed for this fluid. 

* Since the completion, of these studies, we have been able to test the action of 
thrice washed human spermatozoa on acetyl phosphate which was kindly supplied 
to US by Dr. F. Lipmann. The washed spermatozoa proved capable of rapidly hydro- 
lyzing this compound. Further studies on this substrate are in progress. 

*We are indebted to Dr. Gutman for a generous sample of the partially purified 
phosphatase. 



J. MACLEOD AND W. H. SDMMEHSON 


539 


SDMSIAST 

1. Human spermatozoa 'washed free of adhering seminal fluid are capable 
of hydrolyzing adenosine triphosphate to produce adenylic acid. Various 
other phosphate esters of recognized significance in carbohydrate metabo- 
UsEDL are not hydrolyzed under the same conditions. 

2. The hydrolysis of adenosine triphosphate does not modify the normal 
production of lactic acid from glucose by the cells. 

3. The liberation of phosphorus from adenosine triphosphate is not 
accompanied by phosphate transfer; nor is any energy yielded by this 
reaction made available for the maintenance of motility. 

4. Human seminal fluid contains an enzyme or enzymes catalyzing the 
splitting of phosphate from all the phosphate esters studied. 
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PHOSPHOPROTEIN PHOSPHATASE, A NEW ENZYIHE 
FROIM THE PROG EGG 
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(Received for publication, June 7, 1W6) 

In the nutrition of the young, the i^Je of phosphoproteins is, rrithout 
doubt, an important one. As casein in milk, or as the yellow yolk of 
many vertebrate and invertebrate eggs, phosphoprotein occurs in sub- 
stantial quantities. In the frog egg, for example, the yolk platelets 
occupy almost half the volume of the cell. According to McClendon (5), 
the yolk of the frog egg consists of phosphoprotein bound to lipide; thus 
the platelets are a ready source of protein, lipide, and phosphorus. And 
yet, in spite of the obvious importance of phosphoprotein, little information 
is available about the manner of its utilization by the developing embryo. 
It has been assumed that ordinary proteolytic enzymes degrade the protein, 
and that ordinary phosphomonoesterases split the phosphate from phos- 
phopeptone or from phosphoserine. 

In the course of an investigation of the distribution of enzymes in the 
frog egg, a new enzyme (or enzymes) was discovered which is apparently 
capable of splitting inorganic phosphate from the intact protein molecule. 
It is the purpose of this paper to present the experiments which led to 
this conclusion. 


EXPEHIMEXTAI. 

Methods — Ovarian eggs of the common leopard-frog, Rana pipiens, or, in 
a few cases, those of the bullfrog, Rana calesbiana, were used. The ovaries 
were removed, soaked for half an hour or more in 0.1 si sodium citrate, 
blotted rapidly on filter paper, and weighed to the nearest eg. They were 
then suspended in fresh citrate solution* and ground with a homogenizer 
patterned after that of Potter and Elvehjem (6) but modified in that the 

•NatioaalResearch Council Fellow in Zoology , 1942-43. Presentaddress, Division 
of Biology, California Institute of Technology, Pasadena, California. 

' For the general purpose of the investigation sodium citrate appeared to be the 
best suspenaon medium for the homogenate, since the cytoplasmic granules of the 
egg protoplasm appeared nucroscopically to be in good condition, and these granules 
could be isolated in an essentially quantitative manner by differential centrifuging. 
Brei prepared in sodium chloride or potassium chloride was apparently not homo- 
geneous and could not be fractionated by differential centrifuging in a satisfactory 
manner. 
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rotating pestle was smooth and fitted loosely in the surrounding test-tube. 
This modification was found to be particularly suitable for homogenizing 
frog ovary, since the large, fully developed eggs are readily ruptured, 
while the connective tissue sheet and the small cells embedded in it remain 
intact. This sheet becomes wrapped about the stem of the pestle, is 
later removed, and its weight subtracted from that of the whole ovary. 

In most of the experiments reported here, the homogenate was incubated 
in citrate buffer for a suitable time and then treated with trichloroacetic 
acid to precipitate proteins. Unfortunately, certain substances of the frog 



Fia. 1. Inorganic phosphate in autolyzed ovarian homogenate. Half circles, 
Rana pipiens, 60 minutes, 37“: solid circles, Rana pipiena, B minutes, 23°; open 
circles, Rana caleaiiana, 60 minutes, 37°. 

egg are not precipitated readily, and to obtain a water-clear filtrate it was 
often necessary to allow precipitation to continue overnight before filtering 
or centrifuging. Undesirable as this procedure may be, no way of avoiding 
it was found. 

Phosphate was determined according to the method of Fiske and Sub- 
bar ow (2). Although citrate may, in sufficient concentration, delay the 
development of color in this method, no difficulties were experienced in 
the experiments reported here. Phosphate is expressed as mg. of phos- 
phorus per 100 gm. of wet weight. 

General Characteristics of Reaction — ^In an attempt to demonstrate in 
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the frog egg homogenate a phosphomonoesteraee hydrolyzing sodium 
iS-glycerophosphate, extremely high values of inorganic phosphate were 
consistently found in the brei incubated without added substrate as a 
control. As much as 500 mg. per cent of inorganic phosphate were found 
after an incubation period of 1 hour. Moreover, there was a close de- 
pendence upon pH, maximtim phosphate being found in the neighborhood 
of pH 5.0. Fig. 1 illustrates typical data obtained in three independent 
experiments. The high value of phosphorus shown in the uppermost 





Fio. 2. Liberation of inorganic pbospbato in autoljzing ovarian homogenate. 
A logarithmic time scale is used for convenience; the curves are empirical. 

curve at pH 7.0 may be erroneous, since the reaction is very sensitive to 
pH in tins re^on and pH was calculated rather than determined in this 
experiment. There is virtually no hydrolysis in alkaline solutions. Since 
ail of these experiments were carried out on the crude autolyzing brei, 
considerable variability is to be expected, but the general characteristics 
are reproducible. 

Fig. 2 illustrates a more complete experiment, in which the course of 
the reaction was followed for a considerable period of time at the different 
pH values indicated. For convenience a logarithmic time scale is used, 
since after the first 15 to 20 minutes the reaction proceeds very slowly. 

These data strongly suggest that some naturally occurring phosphorus 
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compound, presumably an ester, is hydrolyzed. That this is an enzymatic 
hydrolysis rather than a simple acid hydrolysis is indicated by the de- 
pendence upon pH, the fact that the reaction is stopped by the addition of 
trichloroacetic acid, and by the great speed of the reaction. Indeed, as 
Fig. 1 demonstrates, as much as 250 mg. per cent of inorganic phosphorus 
can be liberated in 5 minutes at room temperature. It has also been shown 
that the reaction can be prevented by heating the brei. 

Nature of Substrate — ^Assuming the reaction to be an enzymatic hydroly- 
sis of a naturally occurring phosphate ester, attempts were made to identify 
the substrate. No significant changes could be demonstrated in the 
acid-soluble esters hydrolyzable by 1 N hydrochloric acid. A general 
fractionation of the brei was therefore made as follows. Aliquots of the 
autolyzing brei were pipetted into trichloroacetic acid at suitable time 
intervals. Inorganic phosphorus was determined and, after ashing wth 
perchloric acid, total acid-soluble phosphorus was determined. The 
difference between these values was taken to be organic acid-soluble 
phosphorus. Since the trichloroacetic acid filtrate was perfectly clear, it 
was assumed that all the lipide was carried down with the precipitated 
protein.* The precipitate was extracted two or three times with hot 
alcohol-ether, and the residue considered to be protein. Alter all traces of 
alcohol and ether were driven off on a steam bath, the lipide and protein 
fractions were ashed with perchloric acid and phosphorus was determined. 

A representative experiment carried out at pH 5.0 is shown in Fig. 3. 
The obvious rise in inorganic phosphorus is completely accounted for 
by the fall in protein phosphorus, while there is no change in the lipide 
fraction, and but a slight increase in the organic acid-soluble phosphorus. 
This increase has not been extensively investigated. There seems little 
reason to doubt that protein phosphorus is the source of the inorgamo 
phosphate released in the autolyzing brei. It will be seen from Fig. 3 
that part of the protein phosphorus is resistant to hydrolysis. The inter- 
pretation of this will be discussed below. 

There are in the frog egg two proteins which contain substantial amoimts 
of phosphorus, nucleoprotein, and phosphoprotein. Either might be the 
substrate for this enzyme. To distinguish between these two, whole 
brei was incubated alone, Avith added casein, or with added ribose nucleic 
acid. Fig. 4 shows the phosphorus liberated in 30 minutes from the added 
substrates as well as from the natural substrate present in the autolyzing 
brei. A full interpretation of these data cannot be given at present, but 

^his assumption is doubtless correct, since a good deal of lipide is bound to 
protein and thus would be precipitated directly. The free fat droplets appear to 
be covered by a film of protein, and might bo precipitated directly, but would in 
any case be carried down mechanically with the bulky protein precipitate. 
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Flo. 3. Change in diatribution of phoaphorua in homogenate incubated at 23", 
pH 5.0. Curve 1, total acid-soluble phosphorus; Curve 2, inorganic phosphorus; 
Curve 3, protein phosphorus; Curve 4, lipoid phosphorus. The points at the end 
of the dotted lines ate the values at 24 hours. The curves are empirical. 



Tig. 4. ESect of the enzyme on various substrates. Half circles, natural sub- 
strate; solid circles, casein; open circles, yeast nucleic acid. Incubation time, 
30 minutes; the curves ate empirical. 
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there are several obvious features. The autolysis of the naturaUy occur- 
ring substrate is well illustrated but the high level of inorganic phosphate 
obtained from pH 7.0 to 10.0 is probably an artifact due to the rapid 
hydrolysis occurring during homogenization. Obviously there is a tre- 
mendous increase in inorganic phosphate when casein is added as a sub- 
strate, and the highest point on the curve may not be sho^vn, since the 
reaction was not carried out at close enough intervals near the pH optimum. 
The general form of the casein curve seems essentially that of the auto- 
lytic curve,, although the optimum is somewhat shifted, possibly due to 
the relative msolubility of casein at pH 5.0. Clearly, casein can serve as 
a substrate for this enzyme, which may therefore be called a phospho- 
protein phosphatase. This observation has been repeatedly confirmed. 
Casein has been used routinely as a substrate with absolutely consistent 
results. The natiual substrate in the egg is therefore phosphoprotein 
and this is present in large amounts in the yolk platelets. 

Nucleic acid is evidently not hydrolyzed; as a matter of fact, less phos- 
phate seems to be liberated from the yolk when nucleic acid is present. 
Presumably, the unhydrolyzable protein phosphate noted in Fig. 3 is 
largely nucleoprotein phosphate. 

Localization of Enzyme — Since the work thus far reported was part of 
a general study of the distribution of enzymes within the frog egg, a few 
preliminary experiments were carried out to see whether the enzyme was 
bound to the yolk platelets, obviously the natural substrate. A typical 
experiment will illustrate the results obtained. Whole brei was centrifuged 
and the yolk-free brei was decanted from the sedimented yolk. The 
yolk was then washed three times by centrifugation in 10 volumes of fresh 
sodium citrate, so that any enzyme not bound to the yolk particles would 
be washed away. Finally the yolk was resuspended in citrate solution. 
Samples of the yolk suspension and of the yolk-free brei were set aside 
and the balance of each heated to 80° for 30 minutes to inactivate the 
enzyme. Aliquots of the heated and unheated yolk and yolk-free brei 
vere then incubated at 37° for 30 minutes at pH 5.0 in the presence of 
the following substrates: none, heated yolk suspension, vitellin prepared 
from hen’s eggs, according to the method of Calvery and White (1), sodium 
^-glycerophosphate, and disodium phenyl phosphate. Table I shows the 
amount of phosphate liberated from the added substrate by the action of 
t e enzjmie. These figures were obtained by subtracting from the total 
inorgaiiic phosphate found in the digest the inorganic phosphate found in 
the substrate solution after incubation, and the inorganic phosphate 
liberated by autolysis in the enzyme solution. The latter figure is given 
m the first column of Table I. 

A number of conclusions are clearly indicated by these data. (1) The 
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activity of the enzyme is destroyed by heating. The deviations from zero 
■when heated enzyme solutions -were used are not significant. (2) The 
enzyme is bound in part to the yolk platelets. The alternative explana- 
tion, that the enzyme is adsorbed during the course of preparation, is not 
very probable. The dilution of the egg protoplasm which takes place 
during preparation of the brei and the ■washing of the yolk are conditions 
■which ■would tend to remove the enzyme rather than cause it to be adsorbed. 
In the absence of Idnetic data, it is not possible to determine how much 
enzyme remains adsorbed to the yolk particles. Furthermore, the amount 
eluted during the course of preparation is indeterminate, so that a qualita- 
tive demonstration of the physical association of the enzyme and substrate 
is all that is possible at the present time. (3) The enzyme attacks all 
three phosphoproteins tested with considerable ■vigor, but has relatively 
little actmty on either glycerophosphate or phenyl phosphate. 

Tabls I 

Localiiaiion of Enzyme and Effect on Various Substrates 

I n Ubented (rag. per 100 ga.) in 50 xainutes, 37“, pH SA 



Kese 

Yolk 

(he&ted) 



G^rctro- 

phos- 

pLite 

Ptcnyl 

phos- 

pkftte 

Yolk-free brei - 

45 

83 

359 

lOS 

0 

14 


5 

1 

23 

-11 

0 

-8 

Yolk.; ; 

S6 

94 

219 

99 

3 

-11 


0 

-5 

29 

-16 

-7 

-21 






Kinetics — A number of experiments have provided data which are 
suitable for a preliminary analysis of the kinetics of the autolytic reaction. 
Chenucally, one would expect a pseudomonomolecular reaction, since the 
reaction catalyzed is presumably a ample hydrolysis of serine phosphate, 
which according to lipmann (4) is the only phosphorus compound present 
in casein. One may follow the disappearance of the substrate (A — x) 
directly, by analysis of protein phosphorus, with suitable correction for 
unhydrolyzable phosphorus, or indirectly through the appearance of 
inorgamc phosphate (x). To the extent that organic acid-soluble phos- 
phorus is formed from phosphoprotem, the results of these two methods 
will differ. However, the general results obtained by either approach 
are the same, as Fig. 5 demonstrates. 

This figure is a plot of log A — x against time for four independent experi- 
ments. The solid circles represent data obtained by a direct analysis of 
protein phosphorus, while all the other experiments are based on the 
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appearance of inorganic phosphate. The reaction appears to follow 
monomolecular kinetics quite exactly for 15 to 20 minutes, but there is 
apparently a sudden break in the rate of the reaction which then proceeds 
more slowly than would be predicted by theory. Sufficient data about 
the later stages of the reaction are not available to justify any particular 
theoretical interpretation. Hence the straight line follosving the break 
should be regarded as empirical. However, considering the complicated 
physical conditions which prevail in the crude brei, with much of the 
substrate solid and part of the enzyme boimd, it is surprising, indeed, that 
the reaction has predictable kinetics at all. 



Fig. 5. Kinetics of the autolytic reaction. The solid circles are based on t e 
direct analysis of protein phosphorus; other data on the appearance of inorganic 
phosphorus. The initial straight line is based on the equation; kt = log(A/ A-x), 
the straight line following the break is empirical. 


These kinetic results lend support to the idea, suggested by the spec 
of the reaction, that the hydrolysis of phosphorus from phosphoprotein is 
a direct one without the intervention of preliminary proteolytic activity. 
Direct support for this idea is provided by the fact that no increase m 
acid-soluble nitrogen has been detected. 


DISCUSSION 

The above data seem to justify the conclusion that the ovarian eggs of 
the leopard-frog contain an active enzyme which attacks phosphoprotein 
wth the liberation of inorganic phosphate. The eggs of the bullfrog 
likewise contain this enz 3 Tne, but in a single experiment it was not demon- 
strated in the hen’s egg. It is to be e.xpected that the enzyme may occur 
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in other eggs of vertebrates and invertebrates which contain large amounts 
of phosphoprotein. 

Detailed studies of the specificity of this enzyme are still needed, but 
the phosphatases described in the literature do not show the properties 
displayed by the frog egg enzyme. Most authors report that phosphatases 
have no action on casein. Kay (3) and Riroington and Kay (8) state 
that bone and Mdney phosphatases do not split phosphate from casein, 
although the phosphopeptone resulting from tryptic hydrolysis is attacked 
by both enzymes. Taka-phosphoesterase causes weak hydrolysis of phos- 
phopeptone at pH 5.6, according to Sadanitzu (9) and Sorimati (11). 
Travia and Veronese (12) report that an alkaline phosphatase from ox 
spleen does attack casein. Intestinal phosphatase has no action on casein, 
according to Schmidt and Thannhauser (10). Thus it would seem that 
most phosphatases have little or no action on casein. Certainly no phos- 
phatase previously described attacks phosphoprotein more readfiy than 
glycerophosphate. 

Ko exact study of the kinetics of this reaction or of the influence of 
cytological structure upon it can be made until the enzyme has been 
purified. It seems remarkable, however, that the enzyme is able to liberate 
phosphate with such speed when it is considered that two proteins are 
involved, and particularly when it is realized that much of the substrate 
is not in solution. The fact that the reaction appears to proceed in two 
stages is reminiscent of the observations of Rimington and Kay (8) and 
Eimington (7), who noted that only part of the phosphate could be split 
from phosphopeptone by bone phosphatase or alkali, whereas all could 
be released by kidney phosphatase. 

This enzyme may prove to be a useful tool in studying the chemical 
and physical properties of phosphoproteins. Thus, information as to 
the mode of linkage of phosphorus in casein might be obtained. Studies 
on dephosphorized proteins might be facilitated by the speciSc dephos- 
phorylation method in place of the alkali treatment heretofore used. 

The autolytic reaction which occurs so dramatically when the frog egg 
is ruptured must somehow be held in check in the intact cell, for the eggs 
remain in a relatively static state throughout the entire winter. After 
fertilization of the egg, small quantities of phosphate must presumably 
be liberated gradually or from time to time to meet the metabolic needs 
of the embryo. The mechanism by which the enzyme is held in check or 
controlled is imcertain. A favorite explanation in such cases is that 
enzyme and substrate are not in contact. This seems not to be true here, 
for a considerable proportiott of the enzyme appears to be bound directly 
to the yolk particles. Other possible interpretations include inhibitors 
within the cell, addition of activators on homogenization, or other altera- 
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tions in the physical and chemical conditions. At present, it would seem 
that the pH of the cell may be adverse, since near neutrality the activity 
of the enzyme is profoundly affected by small changes in pH. On fertiliza- 
tion perhaps enough acidity develops to activate the enzyme. 

I am grateful for helpful discussions with the late Dr. Carl L. A. Schmidt 
and Dr. D. M. Greenberg, and for the cooperation of Miss Mary Cregar 
who assisted me in some of these experiments. 

SUMMARY 

1. A rapid, heat-labile autolytic reaction has been demonstrated in 
homogenates of ovarian frog eggs, resulting in the liberation of large amounts 
of inorganic phosphate. 

2. This reaction occurs over a broad range in acid solutions avith an 
optimum near pH 5.0. 

3. There is a decrease in protein phosphorus which completely accounts 
for the increase in inorganic phosphate, while organic acid-soluble phos- 
phorus and lipoid phosphorus remain essentially unchanged. 

4. Phosphate is split readily from added casein, vitellin of hen’s eggs, 
and yolk of frog eggs, while nucleic acid, glycerophosphate, and phenyl 
phosphate are attacked slowly, if at all. 

5. It is concluded that the reaction is enzymatic and that the enzyme 
is best characterized as a phosphoprotein phosphatase. A survey of the 
literatme indicates that an enzyme Avith this specificity has not previously 
been described. 

6. Preliminary data on the kinetics of the reaction are presented. 

7. Part of the enzyme seems to be bound directly to the yolk platelets 
which contain the natural substrate. 

8. The rfile of the enzyme in metabolism is briefly discussed. 
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In 1943, an enzyme, choline acetylase, which forms acetylcholine in the 
presence of adenosine triphosphate was extracted from brain (Nachmansohn 
and Machado (1)). The enzyme may be prepared either from fresh tissue 
or from acetone-dried powder (Nachmansohn and John (2, 3)). If pre- 
pared in the latter way, choline acetylase is practically completely separated 
from cholinesterase, which becomes inactive by treatment with acetone 
(4). Shortly after the discovery of choline acetylase, it was found that this 
enzyme rapidly becomes inactive on dialysis (Nachmansohn, John, and 
Waelsch (5)). I (-l-)-Glutamic acid and citric acid in 0-02 si concentration 
may reactivate it partly. Stronger but not yet complete reactivation was 
obtained with cysteine. The experiments suggest that the enzyme requires 
a coenzyme for its activity. 

The coenzyme has now been extracted and partly purified. In this 
paper the preparation of the coenzyme, its effects, and those of other 
compounds on the enzyme will be described. 

Methods 

The methods used for the preparation of the enzyme were essentially the 
same as described in previous communications (1, 3). Rabbit brains were 
used in preparing the acetone-dried powder which was kept in a deep freezer 
at —20“ and remained fairly constant for many weeks. In view of its high 
activity, the enzyme used per vessel was equivalent to an extract of 70 to 
100 mg. of powder. 

Choline, acetate, adenosine triphosphate, eserine, potassium, and cysteine 
were added in the same concentration as previously (3). Fluoride was 
added only to extracts prepared from fresh tissue. The total volume of the 
enzyme solution during incubation was kept between 4.5 and 5.0 cc. The 
time of incubation was generally 20 minutes; in a few cases, e.g. the optic 
nerve, it was 30 minutes. At the end of the incubation period, the enzyme 

’This work was aided by grants from the Josiah Macy, Jr., Foundation, the 
Daaan Foundation for Medical Research, and by a gift from Parke, Davis and 
Company. 
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solution was inactivated in the usual way and the amount of acetylcholine 
formed was tested by bioassay on frog rectus abdominis. Because of the 
high amounts of acetylcholine formed, the solution was generally diluted 
50 to 100 times or more, so that interference from other compounds can 
be excluded. 


Results 

Preparation of Coenzyme — In contrast to the enzyme, which occurs only 
in nerve tissue, the coenzyme has been found in various organs. It is 
present in brain, liver, heart, and skeletal muscle. 

An active preparation of the coenzyune was obtained in the following 
way. The tissue was ground in a Waring blendor in a volume of water 

Table I 

Reactivation of Dialyzed Choline Acetylase by Coenzyme Prepared from 

Different Tissues 

The choline acetylase was always extracted from the powder of acetone-dried 


rabbit brains. No coenzyme was added to the undialyzed enzyme. 



Experiment 

‘ rabtit 
brain 

Experiment 

nbLit 

brain 

Experiment 

rabtit 

heart 

Experiment 

4» 

pigeon 

oreast 

muscle 

Expe^eat 

pig 

heart 

Acetylcholine formed per gm. per hr. 

Undialyzed 

Dialyzed -f K -f cysteine 

“ -I- coenzyme 

Wf. 1 

0.70 

0.45 

0.93 


mg. 

0.70 

0.40 

1.00 

me. j 
0.47 
0.26 
1.06 

me. 

1.29 

0.45 

1.31 


equivalent to 1 to 2 times its weight. The suspension was heated to 100“ 
for a few minutes and filtered. Acetic acid was added to remove proteins. 
After filtration and neutralization, an active solution Avas obtained (see 
Table I, Experiment 1). In a few cases this solution was poured into a 
20-fold volume of ice-cooled acetone. The precipitate was filtered and 
dried and the powder was redissolved in buffer. The reactivation of the 
dialyzed enzyme by this solution is shoAvn in Table I, Experiments 2 and 
3. 

A partial purification of the coenzyme was obtained by precipitating 'vith 
barium hydroxide and redissolving Avith sodium sulfate. The addition of 
the barium precipitates all the activity, so that a highly active preparation 
of the coenzyme is obtained. The coenzyme used in E.xperiments i and 5 
of Table I Avas purified in this Avay. 

Since in most other experiments the coenzyme was obtained by a barium 
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precipitation of pig heart extracts, a typical preparation may be descnbed 
in detail. 

480 gm. of fresh pig hearts were homogenized in 930 cc. of water, boiled, 
passed through gauze, and filtered. 960 cc. of solution were obtained. 
96 cc. of 3 per cent acetic acid were added. The precipitate obtained was 
filtered and the clear solution neutralized with 96 cc. of 0 5 n NaOH. 
200 cc. of this solution were precipitated with 25 cc. of 0.1 n Ba(OH)i. 
The precipitate was centrifuged, the supernatant discarded, and the 
precipitate ifissolved in 25 cc. of 0 1 n Na^Oi. 

The coenzyme coxild be obtained from this solution in powder form as the 
sodium salt by dehydration in a vacuum in dry ice. About 2 to 3 mg. of the 

Table II 

E^ul of Acid and Allah on Coenzyme of Choline Acetylaee 


The coenzyme was treated either with NaOH or with HCI, the final conceutratiou 
being 0 1 N. At the end of the penod indicated the solution was neutralized and the 
coenzyme added to the enzyme solution. 


Trt&ttnuil o£ coeazyme 

Buntloa 

TeDpcnlott 

Acetylcholiae fonaed 


raiA 

•c 

0/ (vt 

fer kf. 

per 

per hr. 

Control 


i 

1 02 

1.00 

“ + coenzyme 


1 

1 69 

1 56 

Boded 

60 



1.40 

HCI 

30 


1 23 

1 27 

NaOH 

30 


1 05 

1 05 

HCI 

60 

23 

1.70 


NaOH 

60 

23 

j 1 29 



powder per cc. were required to obtain the maximal effect; however, a great 
part of this salt is undoubtedly sodium sulfate. 

The stability of the purified coenzyme in acid and alkali was tested in 
the following way; HCI or NaOH was added to the solution containing the 
coenzyme, so as to make the final concentration 0.1 N. The solution was 
kept for 30 minutes in a sealed test-tube in a boiling water bath or for 60 
minutes at room temperature (23°). The results of the experiments are 
summarized in Table II. Boiling for 60 minutes decreased the activity of 
the coenzyme about 30 per cent. After treatment with 0 1 n HCI at 
100°, the loss of activity was 66 per cent in one experiment, 52 per cent in 
the second. IVith 0.1 n NaOH nearly the total activity of the coenzyme 
was lost in 30 minutes at 100°. At room temperature 0.1 n HCI had no 
effect, whereas 0.1 n NaOH destroyed more than half of the activity. 

Effect of Coenzyme on Dialyzed Enzyme — the enzyme is dialyzed for 
2 hours, rt becomes practically inactive. No measurable formation of 
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acetylcholine is observed on the addition of eserine, choline acetate 

“*7‘f .If pot— aBd ojBteine are added, aboil M 

0 70 pel cent of the initial activity may be restored, as can be seen from 
he figures in Table I. If in addition to the other cLpounrrntiond 
e coenzyme IS added to the dialyzed solution, the rate of formation is 
aSd^"^^^"" undialyzed extracts to which no coenzyme was 

observations, the activity of the 
^ markedly higher if the coenzyme had 

>1 ^ ^ ? OC ^ Experiment 5, in which the dialysis was contmued for 5 
Hours, only 35 per cent of the initial activity was restored with potassium 

Table III 

Effect of Coanzyrnc on Undiabjzcd Choline zicctylase Extracted Either from Fred 
Tissue nr frntti d 





Acetylcholine 

Species 

Tissue 

Kind of extract 

formed 




Without 

coenzyme 

With 

cotnzyme 




r per tm. 

1 pom- 

Guinea pig 

Brain 

Fresh 

per hr, 

152.0 

per hr. 

210.0 

Habbit 


Acetone-dried powder I 

117.0 

IGO.O 

<< 

1 Sciatic nerve 

685.0 

1330.0 


Fresh 

1 88.0 

110.0 


Optic nerve 

H 

13.6 

Lobster 

Abdominal chain 

(< 

16.0 

13.9 

21.0 

44.5 

Electrophorus elec- 
tricus 

Electric tissue 

Acetone-dried powder 

18.8 

92.7 

160.0 

— 


124.0 

222.0 


as sfrn 1 . f ne, wnereas in the presence of coenzyme the synthesis wa£ 
as strong as before dialysis. i 

Enzyme— The dUution of coenzymes 
so that it ic! • ^ limiting factor of the rate of enzyme activity; 

acetvlasp in^^L ° acetylcholine formation by choline 

cSsed latp? i! Moreover, for reasons dis- 

the Dotentinl ^ ° ysiological interest to obtain some information about 
III rivpf acetylcholine foimation in certain nerve tissue. Table 

a summary of some of the data on the activity of undialyzed 

Scie^cS ou^SLu“a “nfo the symposium of the New York Academy of 
the cocnzvme simnltn^r . , ^ipmann reported that he too had found 

degree ot Ziae.To Y ^ ^ ied.pendently ,7). He h.a obleined e hip.r 
nucleotide, servatiouB eeem to indicate that the coencyme ie a 
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choline acetylase in the presence of the coenzyme. In all cases tested, the 
addition of the coenzyme markedly increased the rate of acetylcholine 
formation. 

In solutions prepared from freshly homogenized guinea pig brain, the 
activity increased 30 to 40 per cent in the presence of the coenzyme. In 
extracts from the powder of acetone-dried rabbit brain, the increase varied 
between 50 and 100 per cent. Table III shows only one figure, but addi- 
tional data may be foimd in Table V. 

In previous communications (8, 9), it was reported that choline acetylase 
is present in rather high concentrations not only in brain but also in 
peripheral fibers free of synapses and cell bodies . Rabbit sciatic nerve may 
form 70 to 90 y of acetylcholine per gm. of fresh tissue per hour. In the 
presence of the coenzyme, the rate of formation in e.xtracts from rabbit 
sciatic nerve is still further increased. In view of the high amount of fat 
and coimective tissue in this nerve, the rate appears surprisingly high and 
consistent with the concept, supported by a large body of evidence, that 
acetylcholine has an essential r61e in the propagation of the nerve impulse. 

The presence of choline acetylase in the optic nerve has also been tested. 
Complete absence of acetylcholine had been reported in this nerve and in 
the dorsal roots (10) . Cholinesterase is present in both afferent and efferent 
nerves in concentrations of the same order of magnitude (11, 12). Acetyl- 
choline is an extremely labile compound in living cells, whereas cho- 
hnesterase is a stable enzyme. Although choline acetylase is not as stable 
as is cholinesterase, it remains active for 15 to 30 minutes in the test-tube. 
It was therefore hoped that its presence m sensory nerves could be more 
easily demonstrated than the presence of the ester itself. One obstacle is 
the small amoimt of tissue available. 10 to 20 mg. of tissue (fresh weight) 
are sufficient for the determination of cholinesterase, but much larger 
amounts are required for testing choline acetylase activity. In the case of 
brain, about 400 to 500 mg. of tissue (fresh weight) appear to yield optimal 
values under the experimental conditions used. In order to obtain the 
necessary amoimts of optic nerve for two vessels, the nerves of fifteen to 
twenty rabbits bave to be obtained. On the basis of previous e.xperience 
the possibility of deterioration of the enzyme during the 2 or more hours 
required for the operation cannot be excluded. In an experiment with 
smaller amounts of tissue, no formation was found, although this may not 
have been due exclusively to the small amount used. As may be seen in 
Table III, 1 gm. of optic nerve forms 15 to 20 y of acetylcholine per hour. 
As with the rabbit sciatic nerve, the yield may increase with more experi- 
ence. However, the fundamental question as to whether or not choline 
acetylase is present in sensory nerves has been decided in the affirmative. 

A strong increase in actmty has also been obtained by the addition of 
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phMphale (OTp IS- r"“- . “ “ ‘^»P'W‘ «“«'«■ 
nffppf 1 1 - ’ ^ ^ strong inhibitor of cholinesterase does not 

affect cholme acetylaee (Nachmansohn and John, nnpubSd ^ 

Table IV 

ffcci of Mg and Mn on Undiahjzcd Choline Acctylasc Extracted from Powder 


Control 
+ coenzyme 

«[. H 

+ 

+ 

+ “ 

+ 

+ “ 

+ “ 

+ “ 


Ion 

Concentration 

Acetyicbc 

Experiment 1 

line fonned 

Experiment 2 


if 

mi. per tm. 

mr. pa in, 



per hr. 

Ptr hr. 



0.91 

0.99 



1.40 

1.69 

Mg 

1 X i&-< 

1.63 



4 X 10-< 

2.15 

1.99 


8 X 10-‘ 


2.21 


1.6 X 10-' 

1.70 

2.06 


3.2 X 10-' 

1.40 


Mn 

1 X 10-* 


2.10 


3 X 10-‘ 


2.15 


9 X 10-< 


2.29 


reversibly inhibit cholinesterase ir- 

time when the ren^f ^ ^^^®versible change requires a certain period of 
in ^~re (13). In ex/eriaients 

choline amounted to ifn P®r cc., the rate of formation of acetyl- 

e.vperimental tests shTS that the^ incubation period used, 

Pletely destroyed In tL« r, ° cholmesterase was practically com- 

twce as high. In anotliP coenzyme, the yield was nearly 

the presence of the coenz^^^T^''*'’ increased slightly less in 

amounts are far below the^timJl. Probable, however, that both 

Phorylations, the effet frequently accelerate phos- 

, me effect of these ions on the rate of acetylcholine fonnation 
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was tested. As may be seen from the figures in Table IV, Mg in concentra- 
tions of about 4 to 8 X 10"* M definitely increases the rate of acetylcholine 
formation by the undialyzed enzyme. In higher concentrations, the effect 
becomes smaller. Ain, as known from many other observations, has the 
same effect. 

The increase of choline acetylase activity in the presence of the coenzyme 
and Alg is also shown in the experiments summarized in Table V. The 
activity of the enzyme is approximately doubled if both substances are 
present. 


Table V 


Potentiating Effect of Presence of Both Coenzyme and ilg on Activity of 
Choline Acetylase 




1 Ace^!choU:ie Conned 

PoirdcrNo. 

Gsatrol 




cocasyat + Mg 



cj/. fer X**. ptT hr. 

nf. per gs. per hr. 

s 


1.96 



0.56 

1.64 



0.8S 

. 1.65 



1.02 

1.72 j 

1.94 

Average 

0.S2 

1.74 

1.94 

11 

i 0.91 

1.40 

2.15 



1.51 

l.SO 



1 49 



O.SO 


i 1.63 


0.95 


1 1.56 


0.95 


1 1.90 

1 

Average 

0.90 

1.4S 

1 

j l.Sl 

" of both 



1 

series ' 

0.S7 

' 

1.63 

j 1.83 


If the enzyme is dialyzed, the effect of Mg appears to be about the same 
as that on the rmdialyzed enzyme (Table VI) . The Alg cannot replace the 
potassium, as can be seen from the figures in Table VI. 

Effect of High Speed Centrifugation on Choline Acetylase — Lipton has 
recently indicated that extracts of choline acetylase become clear and more 
purified by high speed centrifugation (14). Our e.xperiments with high 
speed centrifugation confirm Lipton’s observations that the solution be- 
comes clear without Icsing its activity. There is also an increase in 
activity per gm. of protein (see Table "l^I). 

One experiment was carried out in the follo\ving way. About 80 cc. of 
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enzyme solution, equivalent to 4 gm, of acetone-dried powder, were 
centrifuged for 30 minutes in a Svedberg ultracentrifuge at 20,000 k.pjh. 

Table VI 

E;(fect of Mg on Dialyzed Choline Acetylase 
The period of dialysis was always 4 hours. The concentration of MgwasO.OQQa 
to 0.001 M. 


Compounds added 

j Acetylcholine fonntd 

Single values 

1 Average 


mj. Per jm. per hr. 

ms. per (n. 
per if. 

Undialyzed control 

1.S6, 1.40, 1.96 

1.74 

Dialyzed K 4- cysteine 

0.62, 0.68 

0.65 

“ -f “ -f “ -f- coenzyme 

1.20, 0.91, 1.16 

1.09 

+ ■• + •• + <• + 

Mg 

1.27, 1.29, 1.37 

n 

Dialyzed + cysteine 4- coenzyme 4- Mg 

0.52,0.59 


“ 4- “ 4- Mg 

0.16, 0.26, 0.53 



Table VII 

High Speed Ccntrifugalion of Choline Acetylase 
In the first series the enzyme activity was determined in the presence oi the 
coenzyme, in the second in the presence of both coenzyme and Mg in 5 X lO"* u 
concentration. 






Acetylcholine formed 

Time 


PorUon 

Proteio 


— PfT^ 





Per cc. 

protein 

min. 




nt*. per hr. 

«{. per hr- 



Original solution 

7.2 

WWjMH 

7.0 

35 

20,000 

Supernatant 

5.9 


7.7 



Pellets in 10 cc. 

2.4 

0 

0 

80 

48,000 

Top layer 

2.0 

0.017 

8.5 



Middle layer 

4.0 

0.037 

9.3 



Bottom “ 

9.2 

0.075 

7.6 



Pellets in 10 cc. 

3.9 


2.0 



Original solution 

10.9 

0.0615 

5.65 

40 

36,000 

Top layer 


0.027 


60 

48,000 

Middle layer 

6.7 

0.052 

7.8 



Bottom “ 

10.9 

0.113 

10.4 



Pellets 

16.3 

0.006 

0.4 








The pellets were dissolved in 10 cc. of buffer and tested. There wai 
practically no enzyme activity. The supernatant solution was then centn- 
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fuged for 80 minutes at 48,000 B.p.ii. This centrifuged solution was 
divided into three equal portions (top, middle, and bottom layers) and 
analyzed. The pellets were analyzed separately. Most of the activity 
was found in the bottom layer. The acetylcholine formed per cc. per hour 
was about 4 to 5 times as high in the bottom as it was in the top layer. 
However, referred to the protein content, the activity did not vary con- 
siderably in the three layers. In another e.xpeiiment the solution was 
centrifuged for 40 minutes at 36,000 b.p.m. and subsequently for 60 minutes 
at 48,000 B.P.1I. and then treated in the same way as in the first e.yperiment. 
As can be seen from the figures in Table in this case a marked increase 
in activity per gm. of protein was obtained in the bottom layer. The 


Fig. 1. Analytical teat of choline acetylase in the ultracentrifuge. The bottom 
layer in the second e.'speriment in Table VII was centrifuged for 15S minutes at 44,000 
B.P.M. E-xposures were made at 23, 34, 43, 55, 67, 81, 104, 121, 13S, and 141 minutes 
after reaching full speed, but only four are reproduced : on the left side, the Srst and 
third; on the right, the fifth and seventh. 

amount of acetylcholine formed per gm. rose from 5.65 to 10.4 mg., or 84 
per cent. The distribution of the activity per cc. in the three layers was 
the same as in the first experiment. 

An analytical test of the bottom layer of the second e.xperiment showed 
only one component, as may be seen in Fig. 1. This of course carmot be 
taken as indicating the presence of a pure enzyme. The uncorrected 
sedimentation constant, Si, of the protein was 40 X 10““, corresponding 
to a molecular weight of appro.ximately 2,000)000. It probably is difficult 
to separate the enzyme from another protein, as has been the case with 
adenosinetriphosphatase and myosin. Still, recent e.x'periments of Polis 
and Meyerhof (15) and of Price and Cori (16) have shown that such a 
separation may be possible. More experiments are necessaiy for the inter- 
pretation of our observation. 
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Inhibition by Naphthoquinones — ^In previous communications it was 
reported that a-keto acids are strong inhibitors of choline acetylase (2, 3). 
Another compound has now been found to inhibit the enzyme in relatively 
low concentrations; namely, methylnaphthoquinone, well knovvn for its 
vitamin K activity. In a concentration of 0.005 m this vitamin decreases 
the enzyme activity about 40 per cent. Chargaff and Bendich have 
recently tested the effect of a few other naphthoquinones related to vitamin 
K on the coagulation of fibrinogen (17). We have tested whether some of 
these compounds have a more pronounced inhibitory effect on choline 
acetylase than does methylnaphthoquinone. Some typical results are 
given in Table VIII. By far the strongest action was observed with 2- 

Table VIII 


Inhibilion of Choline Acetylase by Naphthoquinones 


Compound 

1 

Concentration 

Acetylcholine formed 

I&bibilioQ 

! 

Control 

Experi- 

ment 

Methylnaphthoquinone 

1 

5 X 10-‘ 

mf . fer 
im. per hr. 

1.86 

mf. per 
[m. per hr, 

1.11 

pee ani 

40.0 

l,2-Naphthoquinono-4-8ulfonio acid (Na 

5 X 10-« 

1.86 

1.33 

28.5 

salt) 




21.5 

l,4-Naphthoquinone-2-aulfonio acid (K 

2.5 X 10-‘ 

1.86 

1.46 

salt) 



0.6-1 

60.6 

2-Methyl-l,4-naphthoquinone-8-8ulfonic 

1.25 X 10-* 

1.63 

acid (K salt) 


1.88 

0.70 

62.7 


6.25 X 10-‘ 

1.88 

1.16 

38.3 


3.13 X 10-‘ 

1.88 

1.24 

31 ..0 

l,2-Naphthoquinone-4, 8-disulfonic acid 

5 X 10-* 

1.56 

1.15 

26.3 

(K salt) 


1 

1 


22.6 

Ninhydrin 

5 X 10-* 

1.86 1 

1 

1.43 


methyl-1, 4-naphthoquinone-8-sulfonic acid, a compound, the synthesis 
of which was described recently by Bendich and Chargaff (18). The 
inhibition by the other compounds used did not differ markedly from that 
observed with vitamin K. 


DISCUSSION 

Choline acetylase requires in addition to the protein moiety, a coenzyme 
(according to F. Lipmann, possibly a nucleotide), adenosine triphosphate, 
and K and Mg (or Mn) ions for full activity. In the test-tube the system 
also requires cysteine. The enzyme has sulfhydryl groups which may be 
very easily oxidized, as was described by Nachmansohn and Machado 
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immediately after the discovery of the enzyme (1). The cysteine may be 
required to reduce the — SH groups which were oxidized dming the prepara- 
tion. Whether or not the above compounds form the complete system has 
still to be ascertained. The restoration of the enzyme activity l<Kt during 
^lysis was complete only in a few cases. It is of course possible that more 
cell constituents will be found which will further increase the enzyme 
activity. 

It has been repeatedly stressed (19-21) that, in view of the high speed 
of the propagation of the nerve impulse and the small amounts of energy 
involved, great difficulties may be e.xpected in any attempt to determine the 
cell constituents associated directly with this process. A new approach 
to the study of the chemical mechanism of nervous action was therefore 
initiated, based on investigations of the enzyme systems involved. During 
the years 1937 and 1938 it was shown that all nerve fibers, afferent or 
efferent, vertebrate or invertebrate, myelinated or non-myelinated, contain 
cholinesterase in a concentration of the same order of magnitude (11, 12). 
This appeared to be a support for the assumption that acetylcholine is 
metabolized in all fibers and has a function there. The observation of 
Loewi and Hellauer (10) that acetylcholine is present in efferent fibers 
but absent in sensory fibers has for many years been considered a major 
obstacle to the concept that acetylcholine plays an essential r61e in conduc- 
tion (22). The evidence presented now that choline acetylase is present in 
the optic nerve is highly significant and a new additional support for the 
concept of an essential role of acetylcholine in conduction. 

The rate of acetylcholine formation appears less important. 15 to 20 
7 per hour are not of different order of magnitude from the 100 7 found in 
the sciatic nerve of the same species. In view of the e-xperimental diffi- 
culties wiuch were described above, it appears probable that with more 
experience and improved technique higher values will be obtained. In 
any case, the difference is not greater than that encountered for the con- 
centration of cholinesterase in different nerves. In view of the comple.x 
nature of conduction, the release of acetylcholine can be only one link in a 
complex chain. Many other factors remain unknown. Conduction rates 
may differ 10 to 20 times in myelinated nerves of the same trunk (A and 
B fibers) (Grundfest (23)). It is not surprising to see 5-foId differences in 
the rate of an enzyme activily in different nerves. There is no apparent 
relationship between the rate of acetylcholine nietabolism and the rate of 
conduction. So called non-myelinated fibers, although conducting at a 
lower rate, generally contain much more cholinesterase than do the 
myelinated fibers. Much more information is required before it wilt be 
possible to interpret these differences. The decisive fact is not the rate 
found but the evidence that choline acetylase is present in the optic nerve. 
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CHOLINE ACETYLASB. HI 


In several experiments in which the powder of acetone dnVrl mKK-f ■ 
J used, acetylcholine was formed J the rate erSo S 

f brain (fresh weight) about 350 y of acetylchoUne may be fonned per m’ 

^ The difference between the rate of formation anrf 

to br250^to^300^t^^^’ ° previously it was found 

guinea pie obtained with extracts of fresh 

d^rpn r! ‘I'”*® opt^al conditions (6). The 

has been'discU^d^l^enSf th““ acetylcholine 

f ^ - vei/brief period, 

microseconds N ^ ^ millisecond, possibly mthin 100 

the ester wi^‘ 1 *• ®Poed has to be postulated for the resynthesis of 

recoverv n ®°f^ey-^*eOuiring process and occure during the 

mentioned aK° \ factors involved (see the discussion 

in the expecterrkngl the two rates appeals to be well 


SUaiMART 

on the the coenzyme of choline acetylase and some effects 

on the enzyme are described. 

coenzAme^^n^^ enzyme itself, present only in nerve tissue, the 

in brain live^ ? be present in a variety of tissues. It has been found 
m br^, hver, heart, and skeletal muscle. 

3 by precipitating it as a barium salt. 

comnletelv h° enzyme may be reactivated much more 

completely by the addition of the coenzyme than by K and cysteine 

tracted from^frp^h°+*^^ enzyme even when undialyzed and whether ex- 
increased in th acetone-dried powder is considerably 

TZ JZ coenzyme. ■ 

necve of «m ^ 

zyme increases the degree of purity of the en- 

STed pe '^"^:f mg. of acetylcholine 

bottom laver after P®5 This activity was found in the 
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8. Methylnaphthoquinone, the compound with vitamin K activity, 
inhibits choline acetylase. Of other naphthoquinones tested, 2-methyI- 
l,4-naphthoquinone-8-suIfonic acid was found to be a strong inhibitor. 

We are greatly indebted to Dr, K. G. Stem for his help in the ultra- 
centrifuge analysis. We are grateful to Dr. E. Chargaff and Dr. E. Fried- 
heim for providing the naphthoquinones. 
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AN INVESTIGATION OF THE a- AND jS-PHOSPHOLTPIDIS* 
Bt CHESTER F. BDEilASTER 
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Deniistry, The Unicersily of Rochester, Rochester, New York) 

(Received for publication, April 25, 1946) 

In a series of papers, Suzuki, Nishimoto, and Yokoyama (2-6) described 
the separation by solvents of cephalin lead salts and of lecithin cadmium 
salts from soy bean, human brain, and egg yolk into a and /3 fractions. 
They proved the identity of these fractions by hydrolyzing with barium 
hydroxide and then quantitatively determining the amount of ^-glyc- 
erophosphate present by use of the relatively insoluble double salt dis- 
covered by Karrer and Salomon (7). Absence of this precipitate was 
taken as evidence of the presence of only the a isomer. These separations 
were carried out on highly purified preparations of cephalin and lecithin 
w’hich represented only part of the original phospholipide. 

This type of fractionation was later applied on a micro scale to crude 
cephalins and lecithins from tissues of dogs and rabbits by Yoshinaga 
(8), from organs of rats, cats, guinea pigs, and beef by Welch (9), and from 
the livers of fasting mice by MacLachlan el al. (10). No quantitative data 
were given by these authors to prove the identity of the glycerophosphate 
found in each fraction. 

In this work phospholipides were prepared from egg yolk and calf brain, 
and separated into the a and 0 fractions, according to the methods in the 
hteratme. Extensive hydrolysis studies were carried out with both pure 
glycerophosphates and phospholipides, but these studies can be reported 
only very briefly here. The various cephalin and lecithin fractions were 
hydrolyzed and, after separation of the fatty acids, were analyzed by 
methods developed in this laboratory for a- and /S-glycerophosphates (11) 
and nitrogenous constituents (12). 

expehuieot.u, 

Preparaiicn of Material 

Egg Yolk Phospholipide Fractions — ^Three sets of a and ^ fractionations 
of egg yolk phospholipides were carried out. 

Egg Phospholipide I was prepared by following e.xactly the procedure 
described by Yokoyama (5). It was separated into Cephalin I and Lecithin 

* The data in this paper are taken from a thesis submitted to the Graduate School 
of The Umversity of Rochesterin partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. A preliminary report of these data has been given (1). 
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I by the methods of Nlshimoto (6) and Yokoyama (5) and finally fractim. 
ated mto «-Lecithm I and ^-Leoithln I by the procedure of sLld md 

JrSZZd 'ihtot ® «' 

Egg Phospholipide II was prepared and separated into the « and B 
senes of cephahns and lecithins by use of the methods described by Welch 

tW / f preparation of brain cephalin, except that, 

imtead of discarding the lecithins, they were recovered by pouring the 
absolute a cohol extract into acetone. The lecithins were fractionated 
into a-Lecithm III and d-Lecithin III by the method of Welch (9).» The 
cephahns were separated into a-Cephalin III and /ff-cephalin III by the 
procedure of Suzuki and Nishimoto (2). 

^^osplwlvpide Fractions — Calf brain phospholipide was pre- 
pare y a procedure developed in this labomtory to insure extraction of 
inosi 0 an serine phospholipides as well as ethanolamine and choline 
pnospholipides. 

3 pomds of calf brain were dehydrated in a Waring blendor with two 
succeMive 5.4 liter portions of acetone (400 cc. of solvent per 100 gm. of 
^sue) an f en erfracted in the same machine twice with 1 liter portions 
a so u e a cohol, tivice with 500 cc. of petroleum ether, and once ivith 
cc. 0 c oro orm. The residue w'as discarded. The absolute alcohol 
extracts were concentrated to 200 cc. by distillation of the alcohol under 
pressure and pomed into 1 liter of acetone. The precipitate was 
^ irrmg, the liquid poured off, and the phospholipides blended 
■nH+i. j absolute alcohol. A large portion failed to dissolve even 

• , ^ solute alcohol treatment, and was vacuum-dried and 

^ /, . j ^ cohol-soluble lecithins were reserved for combination with 
tissue ° petroleum ether and chloroform extracts of brain 

nfTl^A tissue e.xtracts were taken to dryness by distillation 

nnrl pressiue, the residue was dissolved in ethyl ether. 

The rpqiilt^^ ether was removed by refrigeration. 

TbsohUe Stirred up with 150 cc. of 

taken tn ° P^^^^ipitate was filtered at once. The filtrate was 

absolnfp y '"acuum d^tillation, and the residue was dissolved in 

lecithin fnet ' ° I’oprecipitated by acetone. It was added to the 
w'as dried ^ a material insoluble in the ether-alcohol solvent 

^^'as dned, weighed, and added to the cephalin fraction. 

alcohol-ether 7:3*andTtRt**H !h°T cadmium chloride-lecithin precipitate using 

(8), whereas Yo’shinaga used alcotoheS;?^ recommended byYoshinaga 
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On distillation of the solvent under reduced pressure, the chloroform 
extract of brain tissue gave a small residue insoluble in absolute alcohol 
and partially soluble in warm ether. The ether-soluble material was 
recovered by centrifugation, dried, weighed, and added to the cephalin 
fraction. 

The combined absolute alcohol-soluble phospholipides were precipitated 
by acetone, filtered out, dried, and weighed. 12.69 gm. of crude lecithins 
were obtained. On redissolving this material in absolute alcohol, 0.462 gm. 
was found to be soluble only in hot absolute alcohol. It was reprecipitated 
by cooling the solution and was added to the cephalin fractions. The 
remaining lecithin weighed 12.206 gm. and was a pale amber, waxy material 
which gave a clear solution in either absolute alcohol or cold ether. 

The amounts of cephaUn recovered from each type of solvent extraction 
are shown below. 


From absolute alcohol extraction of lecithin pptd. by acetone 
“ “ “ “ “ dried crude lecithins 


“ petroleum ether extract 
" chloroform extract 


1.323 gm. 
0.462 “ 
11.805 “ 
1.055 “ 


Total cephalitis 14.645 gm. 

The lecithins of calf brain were purified and fractionated by the procedure 
of Yoshinaga (8). The cephalins were separated into the a and /S series 
by following the directions of Suzuki and Nishimoto (2). 

A summary of these phospholipide fractions showing the per cent of 
each a fraction and each 0 fraction found in lecithin or cephalin prepared 
hy the various methods is shown in Table I. As can be seen from Table I, 
the amoimts of a and 0 isomers found in each lecithin or cephalin fraction 
varied according to the method of preparation. In the case of the lecithins, 
the choice of solvent for purification of the cadmium salts determines the 
ratio of cc to ^ isomers. In the case of the cephalins, the method of ex- 
traction of the cephalin has the most influence. 


Hydrolysis Studies 

Before the lecithin and cephalin fractions prepared from calf brain and 
egg yolk could be analyzed, they had to be subjected to hydrolysis. A 
number of experiments were carried out to determine suitable conditions 
for this hydrolysis. 

Effect of Acids and Bases on Stability of Glycerophosphates — Sodium 
glycerophosphate^ was first analyzed for content of a isomer and then 10 mg. 
samples were refluxed for 1 hour on the steam bath with 10 cc. each of 1.0, 
0.1, and 0.01 x sodium hydroxide and 1.0, 0.1, and 0.01 x sulfuric acid in 

* Obtained from tbe Monsanto Chemical Company by Dr. Henrik Dam. 
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a- AND /3-PHOSPHOLIPIDES 


both aqueous and 50 per cent alcohol solutions. The solutions were then 
adjusted to the neutral point of phenolphthalein indicator and the a-gly- 
cerophosphate and total glycerophosphate contents were determined -with 
periodate (11). 26 per cent of the original sodium glycerophosphate was 
found by analysis to be present as the a isomer, and this value was not 
changed by heating Avith 0.01 n or 0.1 N base or 0.01 N acid. A decrease 
to 22 per cent a isomer was observed after heating with alcoholic or aqueous 
1 N base, and a large increase in the a content was found after heating mth 
0.1 N or 1 N acid. These results agreed with the reports in the literature on 
the stability of glycerophosphate isomers to alkali (14-17) and the shift 
to a high a content in strongly acid solution (18). 

Ratio of a to 0 Isomers Produced by Hydrolysis of Phospholipides with 
Acids aiid Bases — 10 mg. samples of calf brain cephalin were hydrolyzed 
by heating under a reflux for 1 hour with 0.01, 0.05, 0.1, and 1 n base and 0.1 
and 1 N acids, the mole ratio of reagent to phospholipide being kept constant 
by varying the volume of reagent used. The solutions were cooled, made ■ 
acid if necessary with 0.1 N hydrochloric acid, and the fatty acids were 
removed by three extractions in a separatory funnel mth 10 cc. portions of 
petroleum ether containing 5 per cent of chloroform. The aqueous layers 
were combined, made up to 25 cc. in a volumetric flask, and 5 cc. aliquots 
taken for inorganic P, a-P, and /3-P (11). A similar set of experiments was 
carried out with egg lecithin. The results are given in Table II. An 
inspection of the data shows that the amount of hydrolysis in 1 hour’s 
time varied somewhat, depending upon the strength of base or acid used, 
thus causing differences in the absolute amounts of each isomer obtained. 
With alkaline hydrolysis the ratio of a to /3 isomer seemed to remain con- 
stant, about 1:1, regardless of the strength of base used or of the extent of 
hydrolysis. With acid hydrolysis, higher amounts of a isomer were found, 
increasing amounts of this isomer being found mth increasing strength of 
the acid. This is in agreement with the shift from jS to a isomer wth 
acids demonstrated with glycerophosphate salts. 

Analysis of a- and fi-Cephalins and a- and ^-Lecithins 

Phosphorus Compounds in Alkaline Hydrolysates — ^As a result of the 
experiments on the behavior of glycerophosphates with acids and bases, 
0.1 N alcoholic sodium hydroxide was selected as the hydrolyzing agent 
for the phospholipide fractions. 

10 mg. samples of each fraction were refluxed for 2 hours on the steam 
bath with 20 cc. of base. The hydrolysate was cooled to room temperature, 
made slightly acid, and chilled in ice water. The fatty acids were filtered 
off and washed. The combined filtrate and washings were extracted three 
times \vith petroleum ether-chloroform and then made up to 50 cc. volume. 
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10 cc. aliquots were taken for inorganic P, oc-P, |3-P, and total P (11). In 
addition, total P was measured on tke phospholipide fractions before 
hydrolj-sis. The values found by analysis and by calculation of the a. 
to ratio and per cent saponification are shown in Table HE. 

Prom Table III it can be seen that egg a-Lecithin I, egg /S-Lecithin I, 
egg a-Cepha!in I, and egg d-Cephalin I, which were prepared according to 
the procedures used by Suzuki, Yokoyama, and Nishimoto (2-6), after 
alkaline hydrolysis, gave approximately 1:1 mixtures of these isomers. 
The same results were found in the case of the calf brain ct-and (3-cephalta 

Table II 


Inorganic Phosphate, a-Glycerophosphate, and 0-GlycerophosphaU Produced iy 
Hydrolyzing PhosphoUpides vdth Acids and Bases for t Hour 


FhosphoUpIde 

Hydtolyiiss xstat 

laor- 

guitc 

P 

<i-P 


Ratio, 
41-P to 
^P 




ms. 


ee. 

per 

ctiti 

per 

ttfU 

per 

uni 


Calf brain cephalin 

10 

Alcoholic 1 K NaOH 

1 

0.33 

1.51 

1.56 

49:31 


44 

If 

10 

“ 0.1 K NaOH 

10 

0.41 

1.25 

IWia 

54:46 

n 

44 

i4 

10 

Aqueous 0.1 k NaOH 

10 

0.39 

1.14 

1.16 

49:51 

« 

it 


10 

O.l N Ba(OH), 

10 

0.28 

1.35 

l.IO 

55:45 

i( 

44 

44 

10 

Alcoholic 0.05 x NaOH 

20 

0.29 

1.27 

1.20 

52:48 

« 

44 

44 

10 

“ 0.01 " " 

iKil 

0.29 

1.25 

1.22 

51:49 

n 

44 

14 

10 

•Aqueous 0.1 x HCl 

10 

0.55 

1.37 

0.55 

71:29 

41 

41 

44 

ipl 

" 1 X H,SO, 

1 

0.29 

1.75 

1.06 

62:33 

Egg lecithin 


9 

Saturated Ba(OH)j 

10 



1.16 

50:50 

<4 

44 


9 

.Aqueous 1 x NaOH 

20 


HR 


48:52 

44 

44 


9 

Alcoholic 1 X NaOH 

10 

0.1 

HB 


45:55 

li 

14 


9 

Aqueous 0.1 x NaOH 

50 

0.1 

1.05 

l.OS 

47:53 

<4 

44 


36 

Alcoholic 0.1 X NaOH 

10 

liO 

1.66 

1.66 

50:50 

tt 

44 


36 

0,1 N Ba(OH), 

10 

0.0 



51:49 

44 

44 


9 

Aqueous 1 X HjSOi 

10 

0.1 

1.48 

1.09 

58:42 

44 

44 


9 

50% alcoholic 6 x HCl 

10 

0.2 

2.75 


82:18 


fractions, which were fractionated according to the methods used by these 
workers for human brain. Different methods of extraction and purification 
did not seem to affect this ratio, since the same results were obtained in the 
case of egg yolk a-Lecithin II, /3-Lecithin II, a-Cephalin II, and /3-Cephalin 
II, which were prepared and fractionated according to the method of 
Welch (9); egg yolk a-Lecithin HI and /S-Lecithin III, which were pre- 
pared by the method developed in this laboratory and fractionated by the 
method of Welch (9); egg yolk a- and j8-Cephafin HI, which were prepared 
by the method developed in this laboratory and fractionated by the method 
of Suzuki and Nishimoto (2); and calf br^ a- and /3-lecithin, which were 
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prepared by the method used in this laboratory and fractionated by the 
method of Yoshinaga (8). These results are in marked disagreement -ivith 
those obtained by Suzuki, Yokoyama, and Nishimoto (2-6) who claimed 
that these fractions consisted of either pure a or isomers of the phospho- 
lipides. 

Nitrogen Compounds in Acid Hydrolysates — ^When total nitrogen and 
amino nitrogen values obtained after alkaline hydrolysis of calf brain 

Tabub III 


Phosphorus Compounds in Alkaline Hydrolysate of a- and P-Phospholipides 
Hydrolysis was accomplished by heating with 0.1 N sodium hydroxide in alcohol 
for 2 hours. 


PhospVioVipidc 

source 

Fraction 

Total P 
before 
hydrolysis 

Phosphorus compounds found in water 
soluble hydrolysate 

Hydrol- 

ysis 

Inor- 
ganic 
phos- 
phate P 

a-Glyc- 
cro- 
phos- 
pbate P 

iS-Glyc- 

ero- 

phos- 

pnateP 

Total P 

Ratio of 
a-P:/3-P 



per cent 

per cent 

per cent 

per cent 

per cent 


per cent 

Egg yolk 

a-Lecithin I 

3.96 

0.00 

1.78 

1.76 

3.81 

50:50 

96 

(1 << 

/3-Leoithin “ 

3.14 

0.00 

1.48 

1.16 

2.67 

56:44 

85 

tt H 

a-Cephalin “ 

3.62 

0.00 

1.36 

1.47 

2.81 

48:52 

78 

it *i 

(3-Cephalin “ 

4.48 

0.00 

1.94 

2.17 

4.18 

47:53 

93 

tt it 

a-Lecithin II 

4.08 

0.03 

1.53 

1.64 

3.50 

48:52 

86 

it it 

i3-Lecithin “ 

4.12 

0.00 

1.48 

1.64 

3.12 

47:53 

76 

(( tt 

a-Cephalin “ 

2.44 

0.16 

0.63 

0.79 

1.65 

44:56 

68 

tt tt 

/3-Cephalin “ 

Lost 








a-Lecithin III 

3.97 

0.02 

1.28 

1.49 

3.05 

46:54 

77 


)J-Lecithin “ 

3.94 

0.05 

1.83 

1.99 

3.85 

48:52 

98 


a-Cephalin “ 

3.35 

0.01 

1.59 

1.18 

3.11 

57:43 

93 

tt tt 

/3-Cephalin “ 

1.50 

0.02 

1.10* 


1.19 

93:7 

79 

Calf brain 

a-Lecithin 

4.13 

0.17 

1.09 

1.24 

2.49 

47:53 

60 

tt It 

/3-Lecithin 

3.32 

0.17 

1.04 


2.29 

49:51 

69 

tt tt 

a-Cephalin 

3.60 

0.11 

1.50 

1.78 


46:54 

95 

tt tt 

0-Cephalin 

4.99 

1.69 

1.26 

1.83 

4.78 

41:59 

96 


• This value is based on only one analysis and was not confirmed. 


cephalin were compared tvith those on the intact phospholipide, a loss of 
mtrogen compounds was discovered. Amino nitrogen and total nitrogen 
before hydrolysis were 1.89 and 1.90 per cent; after hydrolysis, 0.75 and 
0.82 per cent. Similar observations have been reported by Artom (19). 
For this reason, an acid hydrolysis of the fractions was necessary before 
analysis for the nitrogen constituents. Heating with 6 n hydrochloric 
acid in 50 per cent alcohol solution for 20 hours was found necessary to 
split off the fatty acids as well as to free the nitrogen bases from the glyc- 
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erophosphorio acid. The amino nitrogen values as determined by micro 
periodate methods (12) agreed with those found by use of the Van Slyke 
nitrous acid volumetric procedure (20) only when the h'nkage between the 
nitrogen base and glycerophcsphoric acid had been broken. 

The fatty acids were removed by e.'ctraction with petroleum ether- 
chloroform and the water layers were made up to volume and aliquots 
taken for analysis. Amino N was determined by use of both periodate 
(12) and of nitrous acid (20), carboxyl N by the Van Slyke ninhydrin-CO- 
method (21), choline N by precipitation as the reineckate (22), and total 
N by a standard microdiffusion method (23) . Total N was also determined 
on each fraction before hydrol 3 rHis. The amalytical results are shown in 

Table IV 

Nitrogen Compounds in Acid Hydrolysates of a- and fi-Phospholipides 
Hydrolysis was accomplished by heating with 6 x hydrochloric acid in 50 per cent 
alcohol solution for 20 hours. 






Totxlx 

Nitrogen coapourids foufid m water-soluble 
hydro lysate 


Phosphoupide 

source 

Frzctioa 


before 

Inrdrol- 


Sertne 

K 

AmiftoN 

Ua- 

bamm 

BOa* 

sjair.oN 


Hydrol- 

ysis 





ysLs 

N 

Perfod- 

»teN 

Xltroua 

acldN 

TouUN 





ptrtent 

pet u%i 

peretiu 

pfrctTU 

per utU 

per 

percent 

ftrunl 

Egg yolk 

a-I/eclthia 

III 

1.96 

1.89 


0.09 

0.13 

None 

1.90 

97 


II 

/S-Lecitbin 

II 

2.06 

1.25 


0.56 

0.53 

II 

1.80 

87 

« 

II 

a>CepbaUa 

II 

1.60 

0.66 


0.33 

0.32 

0.61 

1.55 


(( 

II 

^-Cephalin 

II 

0.50 

0.0 


0.46 

0.49 

Xone 

0.49 


Calf brun 

a-Lecitbiu 


2.02 

0.46 

0.12 

0.74 

0.77 

0.67 

1.90 

94 

II 


^-Lecithia 


2.01 

0.32 

0.0 

0.83 

0.83 

0.65 

1.80 

90 

II 

II 

<z-Cephalia 


1.56 

0.17 

0.66 

1.32 

1.41 

None 

1.51 

97 

II 


/S-Ceptmliu 


0.91 

0.0 

0.44 

0.81 

0.80 

Cl 

0.81 

89 

II 

II 

Whole cephalin 

1.90 

0.11 

0.66 

1.57 

1.67 

11 

1.78 

94 


Table IV. The high amino N content of most of the lecithin fractions 
showed that they were contaminated with cephalin. a-Cephalin from egg 
yolk contained considerable lecithin, as shown by its choline content. 
Only the /S-cephalin fractions were entirely free of lecithin. 

DECUSSIOX 

In contrast to the reported stability of the isomers of glycerophosphoric 
acid to heating with alkali (14r-17) is the report by BaiUy and Gaum^ (24) 
that, on alkaline hydrolysis of the methyl ester of a- or (S-glycerophosphate, 
migration of the phosphoryl group occurs, so that a mixture of two-thirds 
/S- and one-third a-glycerophosphate is always obtained. The nearly 
1:1 ratio of a- and /3-glycerophosphate obtained in this work from nearly 
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all of the phospholipide fractions would seem to indicate that a similar 
situation might exist here. In this case, after the fatty acids of cephalin or 
lecithin have been split off, there remains a diester of phosphoric acid with 
glycerol and the nitrogen base. Whether an equilibrium mixture is ob- 
tained on further hydrol3^i3 would depend on whether the nitrogen base 
splits off by the same mecham'sm as a methyl group. The hydrolysis data 
in this work (see Table II) would seem to indicate that the 1 : 1 ratio ob- 
tained is not the result of an equilibrium since, when different strengths of 
alkali were used to hydrolyze phospholipide samples, the strength of the 
alkali used or the extent of hydrolysis made no difference in the ratio of 
a to /3 isomer obtained. However, it is impossible to draw any definite 
conclusions on this point at the present time. 

In hydrolyzing their phospholipide fractions, Suzuki, Yokoyama, and 
Nishimoto (2-6) heated their fractions for 3 to 6 hours with 10 per cent or 
saturated barium hydroxide solutions. In this work 0.1 N alcoholic sodium 
hydroxide was used for hydrolysis of the fractions because of the inter- 
ference of bariiun with periodate methods. However, it was sho^vn that 
this hydrolyzing agent gave the same ratio of isomers as either 0.1 N or 
saturated barium hydroxide solutions (see Table II). Therefore, the re- 
sults obtained by us and by the Japanese workers should be comparable 
even if some interconversion did occur. 

It is felt that the periodate methods (11) used in this work for the deter- 
mination of a-P and (a -p /3)-P are more reliable than the double salt method 
used by Suzuki, Yokoyama, and Nishimoto (2-6). According to Fischer 
and Pfahler (25) barium a-glycerophosphate is soluble in water at 22° to 
the extent of only 1.3 per cent and becomes less soluble on heating. The 
barium nitrate double salt of /3-glycerophosphate is 0.8 per cent soluble 
in water at 18° (7). This solubility difference is not a very satisfactory 
one on which to base a quantitative determination of the /3 salt. It would 
seem possible that in precipitating the barium nitrate double salt of /S-glyc- 
erophosphate some of the a-glycerophosphate present might also precipi- 
tate as the barium a-glycerophosphate and thus lead to high results. In 
this connection, it is interesting to note that Suzuki and Nishimoto (2) 
hydrolyzed soy bean /S-cephalin wth 3 per cent sulfuric acid and found only 
the /3 isomer of glycerophosphate, contrary to the findmg by Bailly (18) 
that heating sodium /3-glycerophosphate with 2 per cent sulfuric acid 
converted it 87 per cent to the a isomer. It is possible that in this case 
Suzuki and Nishimoto mistook the barium salt of a-glycerophosphate for 
the barium nitrate double salt of /3-glycerophosphate. 

It was impossible to prepare pure lecithins or cephalins by the methods 
employed in this work. In the purest preparations obtained, egg lecithin 
and brain cephalin, the nitrogen and phosphorus values of the a fraction 
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approached those generally accepted for lecithin and cephalin. In general, 
the composition of the a fractions was more constant, while that of the 
j3 fractions varied considerably because the impurities seemed to be con- 
centrated in these latter fractions. 

The a- and j3-phosphoh‘pide fractions are reproducible solubility fractions, 
but their differences in solubility seem to be caused by something other than 
the type of glycerophosphate present. In the case of the lecithins, it may 
possibly be the amount of cephalin impurity present, whereas in the case 
of the cephalins it may be the presence of serine or inositol phospholipide 
which differs in solubility and attraction toward metallic ions from ethanol- 
amine phospholipide. Calf brain /3-cephalin, especially, seems to bear 
some resemblance to the inositol phosphohpide described by Folch and 
Woolley (26). A further comparison of a- and ^-cephalins with fractions 
prepared by the procedure of Folch (13) will be described in a later paper. 

sumiABT 

The obseiv'ations by previous workers that isomers of glycerophosphate 
are stable in alkaline solution and labile in acid solution were confirmed. 

Cephalins and lecithins were prepared from egg yolk and calf brain and 
fractionated into the a and d series. 

The phosphorus compounds were analyzed after alkaline hydrolysis and 
the nitrogen compounds after acid hydrolysis. 

The a- and d-lecithins and a- and jS-cephalins, instead of being pure 
isomers as reported in the literature, were found to contain appro.wmately 
equal amounts of a- and (3-glycerophosphate. The solubility differences 
observed are not due to isomerism of the glycerophosphates. 

The /3-cephalin fraction of calf brain resembled closely in appearance and 
solubility the inositol phospholipide described by Folch and Woolley (26). 

The author wishes to acknowledge his great indebtedness to Dr. W. R. 
Bloor for making this work possible. 

BIBUOGR.VPHY 

1. Burmaster, C. F , Federation Proc., 2, 59 (1943). 

2. Suzuki, B., and Xishimoto, U., Proc. Imp. Acad. Japan, 6, 2Q2 (1930). 

3. Suzuki, B., and Yokoyama, Y., Proc. Imp. Acad. Japan, 6, 311 (1930). 

4. Yokoyama, Y., and Suzuki, B., Proc. Imp. Acad. Japan, 8, 1S3 (1932). 

5. Yokoyama, Y., Proc. Imp. Acad. Japan, 9, 5S2 (1934). 

6. Xishimoto, U., Proc. Imp. .icad. Japan, 10, 378 (1934). 

7. Karrer, P., and Salomon, H., Ilelv. Mm. acta, 9, 3 (1926). 

S. Yoshinaga, T., J. Biochem., Japan, 27, 1, 81 (1938). 

9. Welch, E. K., J . Biol. Chem., 161, 65 (1945). 

10. MacLachlan, P. L., Hodge, H. C., Bloor, W. R., Welch, E. .4.., Truax, F. L., and 
Taylor, J. D., J. Biol. Chem., 143, 473 (1942). 



576 


a- AND ^-PHOSPHOUPIDES 


11. Burmaater, C. F., J. Biol. Chem., 164, 233 (1946). 

12. Burmaater, C. F., J. Biol. Chem., 165, 1 (1946). 

13. Folch, J., J. Biol. Chem., 146, 35 (1942). 

14. Karrer, P., and Benz, P., Helv. chim. acla, 10, 87 (1927). 

15. Verkade, P. E., Stoppelenburg, J. C., and Cohen, W. D., Rec. trav. chim. Payi- 

Bas, 59, 886 (1940). i 

16. Suzuki, B., and Maruyama, T., Ptoc. Imp. Acad. Japan, 6, 67 (1930). 

17. Rae, J. J., Biochem. J., 28, 152 (1934). 

18. Bailly, M. C., Compt. rend. Ac^., 208, 443, 1820 (1939). 

19. Artom, C., J. Biol. Chem., 167, 585 (1945). 

20. Van Slyke,D. D., J. Biol. Chem.,9. 185 (1911). 

21. Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 

Chem., 141, 627 (1941). 

22. Marenzi, A. D., and Catdini, G. E., J. Biol. Chem.., 147, 363 (1943) . 

23. Conway, E, J., Micro-diffusion analysis and volumetric error, London (1939). 

24. Bmlly, 0., and Gaum5, J., Bull. Soc. chim., 2, 354 (1935). 

25. Fischer, E., and Pfahler, E., Ber. chem. Ges., 63, 1617 (1920). 

26. Folch, J., and Woolley, D. W., J. Biol. Chem., 142, 963 (1942). 



A COMPARISON OF BRAIN CEPHALIN FRACTIONS* 

Bt CHESTER F. BURMASTER 
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Dentistry, The University of Rochester, Rochester, New York) 

(Received (or publication, Jlay 10, 1946) 

In a previous paper, a- and ^-lecithins and a- and ^-cephalins of egg 
yolk and of calf brain were shown to contain approjdmately equal pro- 
portions of a- and ^-glycerophosphates instead of the pure isomers as 
reported by Suzuki, Yokoyama, and Nishimoto (2-7). The a-phospho- 
lipide fractions were found in general to have the properties usually at- 
tributed to lecithin and cephalin, while the ^-fractions varied in com- 
position with the source of phospholipide and methods of purification. The 
/3-cephalin fraction of calf brain was similar in appearance and solubility 
to the inositol phospholipide described by Folch and Woolley (8) and 
Foloh (9). 

Folch (9) described a fractionation procedure by which inositol phos- 
pholipide, phosphatidyl serine, and phosphatidyl ethanolamine were 
precipitated in that order by addition of increasing amounts of absolute 
alcohol to a chloroform solution of ox brain cephalin. In this paper the 
results of chemical analysis of fractions prepared in this maimer from calf 
brain cephalin and of the products of their acidic and basic hydrolysis are 
compared with those previously obtained' for the a- and ^-cephalin 
fractions. 


EXPERrUEXT.tn 

Ancdylical Methods — Inorganic P, a-glycerophosphate P, ^-glycerophos- 
phate P, and total P were determined by the microcolorimetric methods 
described in a previous paper (10). Periodate N (11), a measure of the 
nitrogen present as free serine and free ethanolamine, was compared mth 
amino N by the Van Slyke volumetric procedure (12). Serine N was 
measured by the Van Slyke et al. ninhydrin titrimetric method (13). 
Choline was precipitated as the reineckate and measured colorimetricaUy 
(14). Total N was measured as the ammonia recovered by microdiffusion 
after digestion wth sulfuric acid, potassium sulfate, and copper-selenium 
catalyst (15). Scherer’s test for inositol -riis used to indicate its presence 
in the fractions. 

* The data in this paper are taken from a thesis submitted to the Graduate School 
of The University of Rochester in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. A preliminary report of these data has been given (1). 

» Burmaster, C. P., J. Biol. Chem., 165, 565 (1946). 
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Preparaiion of Chloroform-Alcohol Fractions of Calf Brain Cephalin — 
Cephalin was prepared from 520 gm. of calf brain by the procedui-e de- 
scribed by Folch (9). In this procedure the tissue is first dehydrated with 
acetone, then the lecithins are extracted with alcohol, and finally the 
cephalins extracted by petroleum ether are purified by refrigeration of a 
cold ethyl ether solution and precipitation of the ether solution in alcohol. 
Folch (9) used only the cephalin from the petroleum ether extract for the 
subsequent fractionation. In our work 2.70 gm. of cephalin were found in 
the alcohol e.xtract of brain and 2.77 gm. in the petroleum ether e.xtract. 
Both cephalin preparations were purified and fractionated by addition of 
alcohol to chloroform solutions but only the fractions of cephalin from the 
petroleum ether e.xtract are reported here, since scarcely any inositol 
phospholipide was found in cephalin from the alcohol extracts. 


Tabiie 1 

Comparison of Brain Cephalin Fractions Obtained by Chloroform- Alcohol Method 


Fraction 

Prepared from calf 
brain cephalin 

Reported by Folch (9) for 
ox brain cephalin 

Reported by Rathmann (16) 
for pig brain cephalin 

No. 

Yield 
pet gm. 1 
cephalin 



VieM ; 
pergm. i 
cepbaho 

Total P 

Total N 

1 

Yield 
per gm. 
cephalin 




Sm, 

per rent 

1 per cent I 

im. 

per cent 

per cent 

cm. 

per cent | 

1 per cent 


0.1669 

4.18 


0.22 

4.25 

1.15 

0.19 

3.96 

\ 1.47 


0.3519 

3.60 

mm 

0.10 

3.86 

1.36 



1 


0.1SS4 

3.70 

' 1.51 

0.27 

t 3.58 

1.62 

0.21 

3.80 

1.61 

IV 

0.0833 

3.45 

• 1.78 

! 0.08 

1 3.60 

1.75 


1 


V 

0.2085 

3.34 

1.76 

0.15 

1 3.65 

1.78 

0.18 

3.65 

1.79 


Comparison of Chloroform-Alcohol Fractions of Calf Brain Cephalin with 
Those Obtained from Ox Brain and Pig Brain Cephalin — ^The weights of the 
fractions produced from 1 gm. of calf brain cephalin and the total N and 
total P values obtained by chemical analysis are compared in Table I 
with the results reported on chloroform-alcohol fractionations of ox brain 
cephalin by Folch (9) and of pig brain cephalin by Rathmann (16). As 
can be seen, e.xcept for the high nitrogen values in Fraction I of pig brain 
and Fractions I and II of calf brain, the fractions obtained by both Rath- 
mann (16) and us correspond very closely to those obtained by Folch (9). 
These higher nitrogen values may be explained by the fact that neither the 
fractions prepared by Rathmann nor those prepared by us were purified by 
dialysis with distilled water before analysis as were those prepared by 
Folch. 

Hydrolysis of Chloroform-Alcohol Fractions of Calf Brain Cephalin — ^It 
has been sho'wn' that an alkaline hydrolysis of phospholipide is necessary 
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before analysis of the glycerophosphate isomers and an acid hydrolysis 
before analjsis of the nitrogen bases (17).* The alkaline hydrolysis was 
carried out by heating 10 mg. samples for 2 hours with 20 cc. of 0.1 n sodium 
hydroxide in 50 per cent alcohol. The acid hydrolysis was carried out by 
heating 10 mg. samples for 24 hours with 20 cc. of 6 N hydrochloric acid in 
50 per cent alcohol. The fatty acids and unsaponified material were 
removed from all of the hydrolysates by three extractions of the acidified 
solution with petroleum ether containing 5 per cent of chloroform. The 


Table II 

Analysis of Hydrolysates of Calf Brain Cephalin Fractions 




Found after alkaline hydrolysis 



Found after and hydrob*aia 


Fraction 

Xo. 

Inor- 

a- 

Glyc- 

Glyc- 


Total 

P 

* 

Hy- 

Chol- 
ine X 

Serine 

X 

Etha- 

noia- 

mine 

xt 

Amino N 

Total 

X 

Hy- 

sanic 

P 

phos< 

phate 

P 

phos- 

phate 

P 


drol- 

ysis* 

Peri- 

odate 

X 

XHfX 

(\'an 

Slyke) 

drol- 

ysist 


p<r 

ctnt 

ptr 

anl 

per 

ctnl 


per 

UHt 

P<r 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

uni 

per 

unt 

I 

1.34 

0.86 

1.30 


3.93 

94 

0.03 

0.S7 


0.76 

1.59 

1.62 

101 

11 

0.52 

IiiEh 


33:67 

3.56 

99 

0.02 


Qm 

1.45 

1.61 

1.58 

98 

III 

0.38 

1.25 

1.65 

43:57 

3.62 

98 

lilia 

1.13 


1.47 

1.48 

1.49 

99 

IV 

0.22 

1.17 

1.53 

43:57 

3.20 

93 

0.16 

■imi 

1.19 

1.61 


1.80 

101 

V 

0.18 


1.32 


2.55 

76 


HQI 

mmm 

1.04 

■iBH 

1.12 

64 

a-Ceph- 

nlin 

0.11 

1.50 

1.78 

46:54 


95 

0.17 

B 

0.66 

1.32 

1.41 

1.51 

97 

P-Ceph- 

alin 

1.69 

1.26 

1.83 

41:59 

4.78 

96 




0.81 


0.81 

89 


* Calculated from the ratio of the total P in the hydrolysate and in the whole 
fraction. , 

t Calculated by subtracting serine N from KHj-N (Van Slyke). 
t Calculated from the ratio of the total N in the hydrolysate and in the whole 
fraction. 

extracted aqueous solutions were then diluted to 25 cc. in volumetric 
flasks and aliquots were taken for analysis of the phosphorus and nitrogen 
compounds. 


Results 

Analysis of Fraclions Ohlained by ChlorofoTm-Alcohol Method from Calf 
Brain Cephalin — The results of chemical analysis of the products of alkaline 
and of acid hydrolysis of Fractions I to V are compared in Table II with 
those reported previously* for the a-cephalin and ^-cephalin fractions. 
Folch (9) found that inositol phospholipide was concentrated in Fraction I, 
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phosphatidyl serine in Fraction HI, and phosphatidyl ethanolamine 
Fraction V. This was confirmed here by the high inorganic P and total 


Table III 

Comparison of Properties of Brain fi-Cephalin and of Inositol Phospholipides 


Source 

Fraction 

Prepared by 

N 

P 

Mole 

ratio, 

N:P 

NHrN^ 

COOH- 

N 

Inositol 





per 


per 

per 

per cent 





cent 


cent 

cent 

Calf brain 

/3-Cephalin* 

Burmastert 


4.99 

1:2.5 

0.81 


Present 

a <1 

Cephalin, ehlo- 

<< ! 

Bmi! 

4.18 

1:1.2 

1.59 

mlm 

it 


roform-alcohol 

(this 

1 







Fraction If 

paper) 







(< a 

Inositol phos- 
pholipide§ 

tt H 

1.04 

4.76 

1:2.1 



tt 

Ox brain 

Cephalin, chlo- 

Folch (9) 

1.15 

4.25 

1:1.7 

1.15 

liiHn 

6.8 


roform-alcohol 
Fraction Il| 

» 




1 



Pig " 

“ 

Rathmann 

1.47 

3.96 

1:1.2 






(16) 







Beef brain 

Inositol phos- 

Folch and 

1 

4.5 

1:2 



6.8-8.6 


pholipide 

Woolley 

(8) 

1 


1 




Soy bean 

Lipositol** 

Wpolley 

0.98 

3.1 

1:1.4 


None 

16 



(18) 







<< H 

Inositol phos- 

Klenk and 

0.69 

3.25 

1:2.1 

mm 


Present 

1 

pholipide 

1 

Sakai 

(20) 








* When dry, insoluble in all lipide solvents. When moist, soluble in chloroform; 
less soluble in benzene, ether; insoluble in petroleum ether, glacial acetic acid, 
alcohol. 

t Burmaster, C. F., J. Biol. Chem., 165, 565 (1946). 

t Soluble in chloroform, less soluble in benzene, ether; insoluble in petroleum 
ether and chloroform-alcohol, 1:1. 

§ When dry, insoluble in all lipide solvents. When moist, soluble in chloroform; 
less soluble in benzene, ether; insoluble in petroleum ether, glacial acetic acid, ether- 
alcohol, 1:1. 

II Soluble in chloroform; insoluble in chloroform-alcohol, 1:1.135. 

Soluble in chloroform, moist ether; insoluble in ethanol, dry ether, petroleum 
ether, glacial acetic acid. 

When dry, insoluble in all solvents tried. When moist, soluble in chloroform, 
benzene, ether; insoluble in alcohol, glacial acetic acid. 

in Fraction I, the fact that nearly all of the amino N in Fraction III was 
serine N, and by the absence of serine N in Fraction V. When tested 
qualitatively, the hydrolysates of Fractions I, II, III, and /3-cephalin were 
found to contain inositol. Woolley (18) found that the nitrogen bases of 
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inositol phospholipide from soy bean were not freed by acid hydrolj^. 
The low periodate N results obtained in Fractions I and II compared to 
amino N show that this obsen,'ation is also true of inositol phospholipide 
of calf brain. The high inorganic P and total P contents of hydrol 3 rzed 
/S-cephalin show its similarity to fractions rich in inositol. All of the 
nitrogen values for ^-cephalin were lower than those obtained for Fraction 
I but the relative amounts of serine hT and ethanolamine N were nearly 
the same. The lower nitrogen content of the /3^:ephalin fraction may be 
due to the method used to recover it from the lead salt.' The emulsification 
of a chloroform suspension of the lead salt with 1 per cent hydrochloric 
acid may remove some of the nitrogen bases as well as the lead. The a- 
cephalin fraction contained both serine and ethanolamine but only a trace 
of inositol. 

Comparison of Inositol Phospholipide with ^-Cephalin Fraction — The 
similarity of Fraction I and /S^^ephalin led to an investigation of the solu- 
bility of inositol phospholipide and its lead salt in the solvents used for 
the separation of a- and d-cephalin fractions (2, 5, 6, 19).' Inositol phos- 
pholipide was prepared from the remainder of Fraction I by precipitation of 
chloroform solutions with dry methanol and absolute alcohol as described 
by Woolley (18) for the preparation of lipositol. It was soluble in chloro- 
form, less' soluble in benzene or ether, and insoluble in petroleum ether 
and glacial acetic acid. A saturated solution in benzene or ether was 
completely precipitated by addition of less than an equal volume of alcohol 
or of a solution of basic lead acetate in alcohol. The lead salt was insoluble 
in all organic solvents tried. When it was suspended in chloroform and 
emulsified with a 1 per cent solution of hydrochloric acid, a precipitate of 
lead chloride was formed and the free phospholipide was soluble in the 
chloroform layer. In these respects the behavior of inositol phospholipide 
w’-as identical with that of the ^-cephalin fraction. The results of chemical 
analysis of this inositol phospholipide prepared from Fraction I showed 
even closer agreement with those for i3-cephalin than did those for Fraction 
I. This comparison and a summary of the values reported in the literature 
for inositol-rich phosphoh'pides are shown in Table III. 

DISCUSSIOX 

It was felt that inositol phosphoh'pide might cause error in the determi- 
nation of ^-P, since it has been shown* that if unsaponified phospholipide 
is not extracted from the hydrolysate it is split during the conversion of 
jS-glycerophosphate to inorganic P by hot acid periodate and causes high 
results. Inositol phosphoh'pide was found to be soluble in chloroform but 
not very soluble in the petroleum ether-chloroform mixture used to remove 
fatty acids and unsaponified phospholipide from the hydrolysates. When 
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the alkaline hydrolysate of Fraction I was extracted w\th chloroform in 
addition to the petroleum ether-chloroform extractions and then analyzed 
again for (S-P, no decrease in 0-P was found. This shows that the high 
/3-P results were not due to the presence of unsaponified inositol phos- 
pholipide. 

In a previous paper, ^ the possibility was mentioned that the ratios of 
a- to ^-glycerophosphate found might be the result of an equilibrium 
produced by the hydrolyzing agent, as sho^vn in the case of the methyl 
ester of glycerophosphoric acid by Bailly and Gaum6 (21). Although at 
that time what little evidence was available seemed to be against the idea of 
an equilibrium, there is still no conclusive proof either way. During the 
course of this work, a sample of phosphatidyl serine was prepared by re- 
precipitation of Fractions II and III from chloroform wdth alcohol, and the 
ratio of a- to /3-P was determined after hydrolysis with 0.1 n sodium hy- 
droxide for 2 hours. The a to /3 ratio was found to be 22:78 which is in 
close agreement with values obtained by Folch (22) after hydrolysis -with 
barium hydroxide. The difference between this ratio for purified phos- 
phatidyl serine and those obtained for the other fractions after the same 
alkaline hydrolysis is difficult to explain if one accepts the theory of an 
equilibriiuu produced by the hydrolysis. However, it may be that these 
differences are caused by the varying rates at which the nitrogen compounds 
are split from the glycerophosphate and that a more prolonged hydrolysis 
might lead to the same a and /3 ratio for all the phospholipides. Further 
work is being done on the question of this equilibrium. 

The close agreement of the data for inositol phospholipide, especially 
when purified, with that of /S-cephalin %vould seem to establish definitely 
the identity of the /3-cephalin fraction. With the a-cephalin fraction, while 
it has been shown that it contains serine and ethanolamine phospholipides, 
there is not this striking agreement in analytical data with any one fraction. 
However, it was found that there was considerable cephalin (about one- 
half the total) in the alcohol extract of brain which was discarded by Folch 
(9). This cephalin consisted almost entirely of phosphatidyl serine and 
phosphatidyl ethanolamine and had an a to /3 ratio of 49:51. When this 
ratio was averaged with the values for Fractions III, IV, and V, a ratio 
identical with that of a-cephalin was obtained. 

SUMMARY 

A comparison of the solubilities and chemical analyses of a- and ^-ceph- 
alin and chloroform-alcohol cephalin fractions from calf brain shows that 
inositol phospholipide is the major constituent of the /3-cephalin fraction 
and that phosphatidyl serine and phosphatidyl ethanolamine are major 
constituents of the a-cephalin fraction. 
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The author wishes to acknowledge his great indebtedness to Dr. W. R. 
Bloor for making this work possible. 

BIBLIOGR.APHY 

1. Bunnaater, C. F., Federation Proc., 2. 59 (1943). 

2. Suzuki, B., and Xishimoto, U., Proc. Imp. Acad. Japan, 6, 262 (1930). 

3. Suzuki, B., and Yokoyama, Y., Proc. Imp. .icad. Japan, 6, 341 (1930). 

4. Yokoyama, Y., and Suzuki, B., Proc. Imp. Acad. Japan, 7, 9, 226 (1931); 8, 183, 

353, 361 (1932). 

5. Nishimoto, U.,and Suzuki, B.,Proc. Imp. Acad. Japan, 8, 424,428 (1932). 

6. Nishimoto,U.,Proc./mp..4cad. Japan, 10, 578 (1934). 

7. Yokoyama, Y., Proc. Imp. Acad. Japan, 9, 582 (1934). 

8. Folch, J., and Woolley, D. W., J. Biol. Chem., 142, 963 (1942). 

9. Folch, J., J. Biol. Chem., 146, 35 (1942). 

10. Bunnaater, G. F., J. Biol. Chem., 164, 233 (1946). 

11. Burmaater, C. P., J. Biol. Chem., 166, 1 (1946). 

12. Van Slyke, D. D., /. Biol. Chem., 16. 121 (1913-14). 

13. Van Slyke, D. D., MacFadyen, D. A., and Hamilton, P., J. Biol. Chem., 141, 

671 (1941). 

14. Beattie, F. J. R., Biochem. J., 30, 1554 (1936). 

15. Conway, E. J., Micro-diffusion analysis and volumetric error, London (1939). 

16. Rathmann, D., Thesis, The University of Rochester (1944). 

17. -Artom, C., J. Biol. Chem., 167, 585 (1915). 

18. Woolley, D. W.. J. Biol. Chem., 147, 531 (1943). 

19. Welch, E. A., J. Biol. Chem., 161, 65 (1945). 

20. Klenk, E., and Sakai, R., Z. physiol. Chem., 268, 33 (1939). 

21. Bailly, O., and Gaum6, J., Bull. Soc. chim., 2, 354 (1935). 

22. Folch, J., J. Biol. Chem., 146, 31 (1942). 




INTRACELLULAR DISTRIBUTION OF ENZYilES 

I. THE DISTRIBUTION OF SUCCINIC DEHYDROGENASE, CYTOCHROME 
OXIDASE, ADENOSINETRIPHOSPH\TASE, AND PHOSPHORUS 
COMPOUNDS IN NOR^LAL RAT TISSUES 

By WALTER C. SCHNEIDER* 

(From tAe ilcArdU Memorial Laboratory, Medical School, University of Wisconsin, 

Madison) 

(Received for publication, June 26, 1946) 

The study of the enzymatic and chemical properties of the particulate 
components of the cell represents a problem of paramoimt importance 
because it permits an integration of two important fields of science, cytology 
and biochemistry. Functions that have been assigned to cellular struc- 
tures as the result of cytolo^cal observations can now be investigated by 
isolation of the particulate cellular components and examination of their 
chemical and biochemical properties. 

The first steps in this direction were taken by Bensley and his coworkeis 
(2, 3, 10, 11), by Claude (4, 5, 7), and by Bounce (8), who developed cen- 
trifugation techniques for the isolation of mitochondria, microsomes, 
chromatin threads, and nuclei. Enzyme studies on isolated mitochondria 
were made by Lazarow and Barron (12) and were extended by Claude and 
his associates to include the microsomes and a larger variety of enzymes (6). 
The enzyme properties of the largest particulate component of the liver cell, 
the nucleus, have been investigated by Bounce (8). 

In studying the distribution of enzymes in tissue fractions, it is necessary 
to measure the enzyme content of each of the fractions as well as that of 
the original tissue. It is not a valid procedure to discard a tissue fraction 
and calculate its enzyme content later by subtracting the enzyme contents 
of the other tissue fractions from that of the original tissue since the possi- 
bility of the presence of an unknown cofactor or an inhibitor in the original 
tissue suspension cannot be excluded unless the activity of all fractions is 
measured and shown to equal the activity of the ori gina l tissue. This prin- 
ciple has been carefully followed in the present work not only with respect 
to enzyme assays but also in the measurement of nucleic acids and other 
phosphorus compounds in the isolated tissue fractions. 

* Fellow of the Jane Coffin Cbilda Memorial Fund for Medical Research. This 
investigation has been aided by a grant from the Jane Coffin Childs Memorial Fund 
for Medical Research. 
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Methods and Materials 

Tissue Preparation — ^The tissues were removed as rapidly as possible from 
rats killed by decapitation and were homogenized in 9 volumes of ice-cold 
alkaline water^ (pH 9.5 to 10.0; see (4)) in the apparatus of Potter and 
Elvehjem (17). 

Tissue Fractionation — ^The tissue homogenates were fractionated essen- 
tially as described by Claude (4, 5). The procedure was as follon^s: 10 ml. 
of a 10 per cent homogenate were centrifuged at 1500 X fif to sediment the 
nuclei and whole cells. Mitochondria were also sedimented at this point 
but the loss could be minimized by resuspending the sediment in 2.5 ml. of 
alkaline water with a loose homogenizer and then recentrifuging at the same 
speed.* This washing procedure was repeated three times. The washed 
sediment was made up to 10 ml. with water and termed the nuclear frac- 
tion. The supernatant and washings from the nuclear sediment were com- 
bined and centrifuged at 2400 X ff to sediment the mitochondria or large 
granules.- The mitochondria were washed three times at the same speed 
after suspension in 5.0 ml. of alkaline water. The washed mitochondria 
were made up to 10 ml. and the supernatant and washings from the mito- 
chondria were combined, made up to 30 ml., and termed the unfractionated 
residue. 

Cytological Methods — ^The original homogenate and the tissue fractions 
were examined in both the bright and in the dark-field microscopes. 
Smeare were also made and stained with aniline-acid fuchsin-methyl 
green (1). 

Enzyme Assays — Succinic dehydrogenase, cytochrome oxidase, and ade- 
nosinetriphosphatase were measured by methods described previously 
(9, 20). The assays were made simultaneously on the original homogenate 
and on the tissue fractions as soon as the fractionation was completed. 
The time which elapsed between the killing of the animal and the beginning 

* Alkaline water was used instead of isotonic NaCl because it was found that the 
latter resulted in the accumulation of 50 per cent or more of the original succinoxi- 
dase activity in the nuclear sediment. Washing with saline did not reduce the suc- 
-cinoxidase activity of the nuclear sediment. Alkaline water also led to an accumula- 
tion of succinoxidase activity in the nuclear fraction but in this case it was possible 
to reduce the succinoxidase content to 5 per cent of the original by washing with 
water, as described in the text. The loss of succinoxidase activity in the nuclear 
sediment was paralleled by losses of PNA, dry material, lipoid phosphorus, etc. 
Thus it would seem that the accumulation of these substances in the nuclear fraction 
was e.xplainable on the basis of a sedimentation of large granules. 

* The terms “large granules” and “mitochondria” are used interchangeably in this 
paper, but with the understanding that the former is probably a more correct term 
(in the case of liver), since secretory granules as well as mitochondria are present in 
this fraction (see (5)). 
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of the assays was •! to 5 hours. In some cases only 1 enzyme was measured 
and in others all 3 enzymes were measured at the same time. 

Andyikal Methods — ^After the enzyme assays were completed, the re- 
maining portions of the original homogenate and of the tissue fractions were 
frozen in liquid air and stored overnight. After thawing, acid-soluble 
phosphorus, phospholipide, “phosphoprotein,” and nucleic acids were deter- 
mined as described previously (18). In addition nitrogen was determined 
on the “phosphoprotein” fraction bj' the method of LePage and Umbreit 
(13). Dry weight was determined on aliquots of the tissue suspension by 
drying in vacuo over P-Os in tared bottles. 

Results 

The results of the enzyme assays and the analytical results are presented 
in Tables 1 and II. The results are expressed in terms of 1 .0 ml. of original 
10 per cent homogenate (equivalent to 100 mg. of fresh tissue) so that the 
amounts of materials found in the tissue fractions could be compared with 
the amounts foimd in the original homogenate. It is evident that the 
values obtained on the tissue fractions agreed well with the results obtained 
%vith the whole homogenate (within about 5 per cent). It should be 
pointed out here that such excellent agreements were not the result of 
averaging several experiments but were ob.«er\’ed in each experiment. 

Cylological Results — ^Examination of the nuclear fraction revealed numer- 
ous intact nuclei which had clumped together in large masses as well as some 
whole cells and mitochondria. The mitochondria fraction contained 
numerous particles of fairly uniform size which stained bright red with 
Bensley’s aniline-acid fuchsin-methyl green (1). Xo whole cells or nuclei 
were visible in this fraction or in the unfractionated residue. The unfrac- 
tionated residue was found to contain some mitochondria and numerous 
fat globules. 

Enzyme Assay Results — ^It is apparent from Tables I and II that a large 
portion of the original enzyme activity of rat liver and kidney was localized 
in the large granule fraction. This was especially true of succinic dehj'- 
drogenase and cytochrome oxidase, since 70 per cent or more of the enzjane 
activity of the ori gina l homogenate was found in this fraction, .-kdenosine- 
triphcsphatase was more generally distributed, although most of the en- 
zyme activity was again associated with the mitochondria. The fact that 
all of the enzyme activity present in the original homogenate could be re- 
covered in the three tissue fractions is highly indicative of the validity of 
the assay procedures. This statement is especially applicable to cyto- 
chrome ojddase, since the results obtained on the whole homogenate and on 
each of the feue fractions must be corrected for the autoxidation of ascor- 
bic acid (see (20)). It is also interesting to note that the cidochrome ojd- 
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dase activity of the homogenate and of the fractions is always in excess of 
the succinoxidase activity, thus indicating that the succinoxidase assay is 
a valid measure of succinic dehydrogenase. 

It is difScult to decide whether the succinic dehydrogenase and cyto- 
chrome oxidase activities observed in the nuclear sediment and in the im- 
fractionated residue are integral properties of the fractions or whether the 
activities are due to contamination of the fractions by large granules. The 
latter appears to be the more likely explanation in view of the cytological 
observations and because of the high concentrations of these enaymesin the 
large granule fraction. 

Analytical Results — ^Perhaps the finding of greatest interest is the fact 
that all of the desoxyribcfie nucleic acid (DNA) in the original homogenate 

Tabix II 


Distribution of Succinoxidase, Phosphorus-Containing Compounds, "Protein” 
Nitrogen, and Dry Material in Fractions of Rat Kidney Homogenates 
Each figure repreaenta the average of two experiments. 
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• See Table I. 


is foimd in the nuclear fraction. This lends excellent support to the cyto- 
logical observations and also to the theory that this nucleic acid is found 
only in the nucleus of the cell. It should be pointed out that the DNA con- 
tent of the nuclear fraction of rat liver is 7.0 per cent in contrast to the 12 to 
20 per cent reported by Dounce for pure nuclei (8). Several reasons might 
be mentioned in explanation of this discrepancy. In the first place our 
nuclear fraction is admittedly contaminated by the large gramile fraction. 
Another source of contamination of this fraction may be ground glass 
produced during the homogenization. A further possibility is that the 
nuclei isolated by Dounce had a higher nucleic acid content than did those 
which were lost during the purification process. 

Pentose nucleic acid (PNA) was found in each of the three fractions, al- 
though most of it was found in the un fractionated residue. In the case of 
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the liver, the PNA distribution closely paralleled the distribution of dry 
material in each of the fractions. The question of whether PNA is an 
integral constituent of the nucleus is of considerable importance and is one 
which requires similar considerations to those mentioned in regard to 
whether the oxidative enzymes were associated mth the nucleus or present 
as contaminants. In addition to these considerations it must be recalled 
that the PNA measurements in the nuclear fraction involve considerable 
difficulty, since the measurement of PNA is subject to a correction factor 
in the presence of a large amount of DNA (see (18)). 

A fmther point of interest is the large amount of lipoid phosphorus found 
in the large granule fraction of liver and kidney. This supports the findings 
of Claude (5) and is in harmony with the idea that the large granules are 
phospholipoprotein complexes. 


DISCUSSION 

The results of the tissue fractionation clearly show that the succinic 
dehydrogenase and cytochrome oxidase activities are associated Avith the 
large granules. These findings are in harmony with those reported by 
Claude (6) . It must be emphasized, however, that the present experiments 
differed from those of Claude in that all of the tissue fractions were e.x- 
amined for enzymatic activity. Claude on the other hand discarded the 
nuclear fraction and based his enzyme results on the nuclei-free extract so 
produced. From the considerations presented in the introduction, it is ob- 
vious that such a procedure would make it difficult to correlate the data 
on the extract with that on the original tissue. The situation is further 
complicated by the fact that large losses of enzyme can occur in the 
nuclear sediment unless proper precautions are taken 

The present data® and the data of Claude (6) are in marked contrast to 
the results of Lazarow and Barron (12) who found that the succinoxidase 
activity of the nuclear concentrate was higher than that of either the origi- 
nal tissue or the mitochondria fraction. The high activity of the nuclear 
fraction can probably be accounted for by the presence of large numbers of 
whole cells in this fraction (see (15)). Their data on the whole liver and on 
the nuclear and mitochondria fractions are to be regarded wth considerable 

* Data obtained in this laboratory by Potter in 1942 are also in complete agreement 
with those presented herewith, and are in contrast to those presented by Lazarow and 
Barron. This work was done prior to the development of the author’s methods for 
nucleic acid analyses and was not published because the chemical proof that nuclei 
and mitochondria had been separated was not available. R'licroscopic examination 
revealed the nuclei in the nuclear fraction, but it was felt that the absence of stainable 
nuclei from the mitochondria fraction was not sufficient proof that fragments were not 
present. 
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suspicion, since no attempt was made to saturate the S3?stem with cyto- 
chrome c, a known component of the succinoxidase system (14, 15, 20). 

In studying the intracellular distribution of enzymes it is important to 
know (1) the proportion of the total enzyme activity aecoimted for by a 
particular cell fraction and (2) whether the enzyme is more concentrated in 
any fraction than it is in the original tissue. It is conceivable that a large 
portion of the enzyme activity of the original tissue could be present in a 
given fraction and still not be concentrated in that fraction. An answer to 
these questions can be obtained by e.xpressing the data in two ways. In 
the first method, which was used in Tables I and II, the enzyme actmty of 
the tissue fractions is expressed in terms of 100 mg. of original tissue. This 
method shoire how much of the original enzyme activity is present in each 


T.\ble III 

Cytochrome Oxidase Activities of Rat Liver and Rat Liver Fractions Expressed on 
Original Wet Weight Basis and on Dry Weight Basis 


Tissue fraction 

Ciliochroaxe oxidise activity 
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16.6 
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I.arge granule fraction. , 
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73.9 
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416 

Unfractionated residue . . . 

147 

14.5 

6 3 

20.0 


* Taken from Table I. 
t Calculated from Table I. 


tissue fraction and enables one to add the activities of the fractions and 
compare the total with the activity of the original tissue. In the other 
method the enzyme activity per mg. of dry material is calculated for each 
fraction as well as for the original tissue. If a concentration of the enzyme 
has been achieved, the activity of the tissue fraction nill be greater when 
expressed in the latter terms than will the acthity of the original tissue. 
The cytochrome o.xidase activities of the liver fractions have been calcu- 
lated by the two methods and are presented in Table III. The results show 
that a large proportion of the original enzyme activity (73.9 per cent) was 
associated with the large granule fraction and that a 4-fold concentration 
of the enzyme was achieved by the separation of this fraction. On the 
other hand, the data show that only a small portion of the original enzyme 
activity was associated with the nuclear fraction and with the unfraction- 
ated residue and that the enzyme was less concentrated in these fractions 
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than it was in the original tissue. The results on the nuclear fraction are 
in agreement with those of Dounce (8) who reported enzyme activity per 
mg. of dry material. He found that the cytochrome oxidase activity of 
nuclei was 50 to 60 per cent as great as that of the original tissue. The 
present results emphasize that, although the activity of the nuclear fraction 
was 52.7 per cent as great as that of the original tissue, only 5.4 per cent of 
the original enzyme activity was present in this fraction. Thus the need for 
dete rminin g the enzyme activity in all tissue fractions obtained has again 
been emphasized and the value of expressing the enzyme activities in terms 
of the original wet tissue and in terms of the dry material present has been 
demonstrated. 

The demonstration of the association of enzymes involved in carbohy- 
drate metabolism with the large granules suggests that the latter play an 
important r61e in cellular reactions. The significance of the association of 
these enzymes with granules containing PNA must remain unsolved for the 
present, since evidence which suggested that these enzymes were ribonu- 
cleoproteins (16) can apparently be explained on another basis (19). 

SUMMARY 

1. Rat liver and kidney homogenates were separated by centrifugation 
into a nuclear fraction, a mitochondria or large granule fraction, and an 
unfractionated residue. 

2. The original homogenate and each of the fractions were assayed for 
succinic dehydrogenase, cytochrome oHdase, and adenosinetriphosphatase, 
and were analyzed for desoxypentose and pentose nucleic acids, acid-soluble, 
hpoid, and “protein” phosphorus, “protein” nitrogen, and dry material. 

3. The major part of the activity of the enzymes tested was found to be 
associated with the large granule fraction. 

4. Desoxypentose nucleic acid was found only in the nuclear fraction. 
Pentose nucleic acid was found in all three fractions but most of it was pres- 
ent in the unfractionated residue. 

5. Lipoid phosphorus was present in higher concentrations in the large 
granule fraction, although the largest portion was in the unfractionated 
residue. Each of the other components measured was present mainly in the 
unfractionated residue. 

6. These results were discussed in relation to those of previous investi- 
gators. 
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Br R. H. BURRIS axd P. W. WILSOM 

{From, the Departments of Agricultural Bacteriology and Biochemistry, University of 

Wisconsin, Madison) 

(Received for publication, July 6, 1946) 

An earlier report (1) dealing with the distribution of isotopic nitrogen in 
cells of Azotobacter vinelandii fixing molecular nitrogen provided evidence 
that ammonia might be the initial stable form of nitrogen in the fixation 
process. This conclusion was based on the observation that the N“ sup- 
plied this organism accumulated m the glutamic acid fraction, as had been 
already observed in higher plants (2) and animals (3) supplied ammonium 
labeled with the heavy nitrogen isotope. Comparable studies in which 
ammonium containing N‘^ a-as given to Azotobacter vinelandii are reported 
here. 


EXPERnrEXT.VL 

The details of the methods used to grow the cells are given in the previous 
paper (1). In Experiment 1, 6 liter cultures of Azotobacter vinelandii 
were grown in 10 liter Pyrex bottles aerated xfigorously -nith bacteria-free 
air. After 18 hours at 30° each culture was supplied uith 20 mg. of ammo- 
nium sulfate nitrogen (3.33 parts per million N) containing 33 atom per 
cent N'® excess. After 15 minutes aeration in the presence of the ammo- 
nium ion, the culture was quickly passed through a Sharpies supercentrifuge 
and the cells removed and placed in boiling 8 x sulfuric acid. On the 
average 12 minutes elapsed from the cessation of aeration until the cells 
were placed in boiling acid. Cells from eleven 6 liter cultures were com- 
bined and hydrolyzed for 36 hours in 8 x sulfuric acid imder a refliLX. 

In Experiment 2 two 6 liter cultures were grown as described, and 5 
p.p.m. of N“-enriched ammonium sulfate nitrogen were added when the 
cultmres were IQj hours old. 3 and 8 nunutes after the addition of the N‘® 
one culture was mixed with 60 ml. of 6 K sulfuric acid. The cells were re- 
covered and placed in boiling 8 X sulfuric acid about 15 minutes after the 
addition of the 6 x acid ; they were hydrolyzed under a reflux nith 8 x' sulfuric 
acid. Hereafter reference will be made to the 3, 8 (Experiment 2), or 15 
minute (Experiment 1) cultures, hydrolysates, fractions, or compoimds. 

* This research was supported in part by grants from the Rockefeller Foundation 
and from the Wisconsin .klumni Research Foundation. The authors thank Professor 
Wahlin and Mr. John Shaw of the Department of Physics for their aid in analyses by 
the mass spectrometer. 
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A fractionation essentially the same as described previously (1) was em- 
ployed. Humin was removed by filtration and the sulfate ion was removed 
with Ba(OH)2. The amino acids of the 15 minute hydrolysate (Experi- 
ment 1) were precipitated with Neuberg’s reagent; the solution recovered 
from the decomposition of the Neuberg precipitate, from which isolations 
were made, contained 3580 mg. of N mth 0.899 atom per cent N*® excess. 
The 3 and 8 minute hydrol3rsates (Experiment 2) were not treated with 
Neuberg’s reagent; the total 3 minute hydrolysate contained 681 mg. of N 
with 0.174 atom per cent N*® excess, and the 8 minute hydrolysate 787 mg. 
of N -with 0.354 atom per cent N'® excess. 

Arginine — With the 15 minute.hydrolysate, arginine flavianate was sepa- 
rated directly from the decomposed Neuberg filtrate, whereas arginine 
flavianate was recovered after removal of the 3 and 8 minute dicarboxylic 
acids in the other hydrolysates. Portions of the arginine flavianates, puri- 
fied by recrjrstallization, were decomposed with cold, concentrated hydro- 
chloric acid, and the residual flavianic acid in the filtrates was removed ^vith 
activated carbon. The regenerated arginine solutions were analyzed for 
N'®. The p-toluenesulfonylar^ine derivative was prepared only from the 
8 minute regenerated arginine. The melting point observed was 258°; 
nitrogen found 16.84 per cent; theory 17.07 per cent. 

Dicarioxylic Amino Acids — ^The barium salts of the dicarboxylic acids 
were precipitated in alcoholic solution. After removal of barium, concen- 
tration of the filtrate, and saturation with hydrogen chloride gas, glutamic 
acid hydrochloride was obtained. The 3, 8, and 15 minute derivatives 
melted at 203°, 202°, and 204° respectively (204° accepted), and contained 
7.54, 7.52, and 7.49 per cent nitrogen; theory, 7.63 per cent. 

Copper aspartate was prepared from the filtrates from glutamic acid 
hydrochloride. The small quantities recovered precluded effective purifi- 
cation, and the nitrogen content of the copper aspartate salts was 5 to 10 
per cent less than theoretical. 

Histidine — ^The basic amino acids, other than arginine, were precipitated 
with phosphotungstic acid, and this precipitate was decomposed with a 
butyl alcohol-ethyl ether mixture. Histidine was separated by means of its 
mercury salt, then regenerated with HjS. Histidine monohydrochloride 
crystallized once from the 15 minute fraction but then formed an oil and 
refused to recrystallize. The oil contained 0.641 atom per cent N'® excess. 
Histidine flavianate was prepared from the oil; nitrogen found 12.36 per 
cent ; theory 12 .39 per cent. Histidine recovered from decomposition of the 
flavianate with concentrated HCl showed 0.626 atom per cent N^® excess.' 
No derivatives were obtained with the 3 and 8 minute fractions, and analysis 
is given for the histidine fraction obtained by releasing histidine with HjS 
from its mercury salt. 

Lysine Fraction — ^No lysine or l3rsine picrates could be recovered from the 
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filtrates from the mercury salts of histidine. Samples from the entice 
fractions were analyzed for their N“ contents. 

tTyrosine — Tyrosine crystallized from the filtrate of the 15 minute phos- 
photimg^ic acid precipitate. The recrystallized amino acid contained 7.55 
per cent N; theory 7.74 per cent; m.p. 287°; accepted 295°. 

Monoamino Acids — Copper salts were prepared from the phosphotungstic 
acid (or tyrosine) filtrates, and separated on the basis of their solubility. 
The separated copper salts were decomposed with H^. Leucine crystal- 
lized from the water-insoluble copper salt fraction and the 3, 8, and 15 

Tabus I 

Disinbulion of in Amino Acids and Amino Acid Fractions 


Atom per cent excess 







Total hydrolysate 

1.049 

0.354 

0.174 ! 

0.275 

Humin 

0.6S3 

0.288 

0.067 ! 


Neuberg filtrate 

0.915 



0.441 

“Amide” nitrogen 

0.931 

1.450 

0.749 

0.325 

Arginine 

0.667 

0.165 

0.026 

0.185 

Glutanuc acid 

2.594 

0.909 

0.392 

0.500 

Aspartto “ 

0.832 

0.523 

0.187 

0.376 

Histidine fraction 

0 634 

0.153 

0 034 

0.207 

Lysine fraction 

0.S07 

0.097 

0.052 

0.356 

HiO insoluble Cu salts 

0.690 

0.195 

0.075 

0.313 

HjO-soIuble MeOH-insoIuble Cu salts 

0.617 

0.172 

0.039 

0 320 

“ MeOH-soluble Cu salts 

0.782 

0.192 

0.042 

0 327 

Tyrosine . ... 

0.738 




Leucine 

0.602 

0.204 

0.068 



minute leucine crystals decomposed at 292°, 292°, and 289° respectively; 
accepted decomposition point 295°. The leucine from the 15 minute frac- 
tion contained 10.48 per cent N; theory 10.68 per cent. 

Table I summarizes the levels of N“ found in the various amino acids 
and amino acid fractions; data from earlier work with molecular N“ (1) are 
included for comparison. 


DISCUSSION 

The experiments described furnish a parallel with those previously re- 
ported in which Azolobacler vinelandii depended for nitrogen exclusively 
upon the fixation of molecular Nj. In general the distrihution of isotopic 
nitrogen is very much the same whether supplied as free nitrogen or as 
the ammonium ion. In comparing the two sources of nitrogen the pertinent 
data are how much the atom per cent excess in a ^ven fraction exceeds 
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that noted in the total hydrolysate. In general the values for huinin, Neu- 
berg filtrate, and anu'de nitrogen have questionable metabolic significance. 
It should be noted that mth cultures supplied ammonium sulfate the 
“amide” fraction includes residual ammonia. The most noteworthy accu- 
mulation of N'^ occurred in glutamic acid. The second highest was in 
aspartic acid which can be readily formed from glutamic acid by the trans- 
aminase in the Azotobacter (4). The 13 'sine fraction occupies a rather ques- 
tionable position, in some cases being relatively high in N*® concentration 
and in other cases low. The monoamino acids regularly occupy an inter- 
mediate position, and arginine and histidine are uniformly low in their N'® 
contents. 

That the N*® content of glutamic acid e.xceeds that of any other com- 
pound in the cells given N'® in the form of the ammonium ion more strikingly 
than in those fixing No likely results from the earlier harvest of the cells 
supplied the ammonium ion (3, 8, or 15 minutes compared to 90 minutes). 
It would be anticipated that the greater the period between the addition of 
an N‘®-enriched compound and haiwest of the cells the closer would be the 
approach toward an equilibrium in the N‘® content of the various com- 
pounds in the cells and the less the differential in their respective con- 
centrations. 

The close similarity in the distribution of N'® in the Azotobacter supplied 
vdth the isotope as molecular nitrogen and as the ammonium ion constitutes 
further presumptive evidence for ammonia as an intermediate in biological 
nitrogen fixation (5). 


SUMMARY 

Actively growing cultures of Azotobacter vinelandii were supplied with 
ammonium sulfate containing N‘® for periods of 3, 8, and 15 minutes and 
immediately harve.sted and hydrolyzed. Fractionation of the amino acids 
showed a distribution of N'® very similar to that observed when N*® was 
supplied as molecular nitrogen. Glutamic acid in each case contained the 
highest level of N‘®, indicating that it occupies a key position in the nitrogen 
metabolism of the Azotobacter. All obsenmtions are compatible with the 
ammonia hypothesis of nitrogen fixation by this organism. 
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ON THE NATURE OF TWO CARBOXYLIC ACIDS OF 
HIGH MOLECULAR M^IGHT OBTAINED FROM 
THE WAXES OF ACID-FAST BACTERLA 

Bt STINA STALLBERG-STENHAGEN Ain> EINAR STENHAGEN 

{From the Ineliiuie oj Physiology and the InslituU of Medical Chemistry, 
Unicersity of Upsata, Upsala, Sweden) 

(Received for publication, July 1, 1946) 

Anderson and collaborators found that the volatile product obtained 
on heating mycolio acid (1) and bovine mycolic acid (2) under reduced 
pressure at a temperature of about 300° consisted of n-hexacosanoic acid. 
Anderson and Creighton (3) found that avian ^-mycolic acid under similar 
conditions gave n-tetracosanoic acid. From avian a-mycolic acid they 
obtained, however, a pentacosanoic acid that differed from the n acid in 
melting point and crystalline appearance. A tetracosanoic acid, which 
differed in a similar manner from the n acid, was isolated by Cason and 
Anderson (2) from the hydrolysis products of bovine wax. Several 
branched chain acids of hi^ molecular weight have been isolated from 
acid-fast bacteria and it was therefore suggested that the two acids just 
mentioned might have branched structures. The investigations of Francis, 
Kper, Chibnall, and their collaborators (4-9) have shown that acids and 
alcohols of high molecular wei^t obtained from natural sources, t.e. 
waxes of different ori^, are very often mixtures of closely related even 
numbered homologues. A number of acids described in the literature 
have thus been found to be mixtures. The melting points of the acids 
obtained by Anderson ct al. do not exclude the possibility that they might 
be mixtures of closely related normal chain homologues. The composition 
of such mixtures does not change appreciably on recrystallization and they 
therefore behave like single compounds. Investigations in this laboratory 
have shown, however, that normal chain acids and mixtures of such acids 
differ considerably in monolayer behavior from branched chain acids of 
similar molecular weight. It ought to be possible, therefore, by means 
of monolayer studies, which have the advantage of using only a very 
small amount of material, to decide whether the acids mentioned have 
branched structures or are mixtures of normal chain homologues. 

EXPEKIMEXT-U. 

The force-area curves given by the pentacosanoic acid from avian 
a-mycolic acid spread on acid substrate at different temperatrues are 
shown in Fig. 1. -A thermostat-controlled Langmuir- Adam balance was 
used (10)). The low areas reached before collapse at once suggested 
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that the acid could not have a branched chain structure. On the other 
hand, at the time these experiments were carried out (in 1942) force-area 
curves of the type shown in Fig. 1 had not been described previously. 
It was subsequently found that artificial mixtures of n acids gave similar 
curves and they were at one time believed to be characteristic for such 
mixtures (11), because, owing to poor spreading, similar results were not 
obtained with pure n acids. In order to study these phenomena more 
closely it became necessary to improve the spreading technique and to 
construct a special recording surface balance with symmetrical compression 
of the film (12). It was found that proper spreading of pure acids could 
be effected by use of a mixture of benzene and chloroform (9:1 by volume) 
as solvent. The best solvents for normal long chain acids are benzene 
and chloroform (6). The solubility in pure benzene is too slight for the 
present purpose, however, and pure chloroform is also unsuitable owing to 
the high specific gravity of the spreading solution. If the latter has a 
specific gravity much higher than that of the substrate, the drops tend to 
fall through the surface to the bottom of the trough. The mixture just 
mentioned has a specific gravity of just under 1, and was found to be 
excellent with regard to both solvent and spreading purposes. 

A detailed study, with use of the double acting balance and improved 
spreading technique, led to the discovery of two new suilace phases in 
condensed monolayers of long normal chain acids. The complete phase 
diagram for n-docosanoic acid has been described in a previous communi- 
cation (12). A large number of artificial mi.xtures of normal chain acids 
have been studied*- and, as a general rule, it has been foimd that pure 
acids and mixtures of closely related homologues behave very similarly. 
If the difference in chain length between the components is large, the 
force-area curves deviate considerably from those given by pure acids. 
The curves shoivn in Fig. 1 for the pentacosanoic acid from avian a-m 3 '’colic 
acid are very similar to those given by mixtimes of closely related normal 
homologues and are quite different from those given by the simplest 
branched chain acids having the same molecular weight; i.e., those pos- 
sessing a single methyl side chain. For comparison, the force-area curves 
for three pentacosanoic acids ha-ving a methyl side chain in different 
positions along the chain are shown in Fig. 2. 

The results obtained for the tetracosanoic acid from bovine wax indicate 
in a similar manner that this acid also must be a mixture of normal chain 
homologues. At a temperature of 40° (Fig. 3) the force-area curve for 
this acid is nearly identical with that for n-tetracosanoic acid from avian 
/3-mycolic acid. The difference between the synthetic n acid and the 
acid from avian /3-mycolic acid is probably due to a small amount of 

* A detailed account of this work will be published elsewhere. 
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impurity in the latter (the acid g^ves a slight yellow discoloration with 
concentrated sulfuric acid at 70°). 



Aixa ptr molzcutx sg.A 


Fio. 1. Force-area curves for the pentacosaooic acid from avian a-mycolie acid 
spread on 0.01 r hydrochloric acid at different temperatures. 



Fio. 2. Force-area curves for three pentacosanoic acids having a methyl side 
chain at different positions along the chain. 0.01 n hydrochloric acid substrate 
at 20°. 
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As a further check on the above results, multilayers of the acids were 
built from a neutral substrate containing bariiun ions (barium chloride 
3 X 10~® M, potassium hydrogen carbonate 4 X 10”'* m). Such multilayers 
contain the barium salt of the acid together with some free acid. In the 
case of normal chain acids the molecules of the barium salt form vertically 
oriented double molecules and the long x-ray spacings obtained from the 
multilayers correspond to twice the length of the molecules (13-15). 



Fia. 3. Force-area curves on 0.01 n hydrochloric acid substrate at 40“ for n- 
tetracosanoio acid (filled circles with bar), n-tetracosanoic acid from avian ^-mycolio 
acid (open circles) , and tetracosanoic acid from bovine wax (filled circles) . 

Mixtures of normal chain acids give spacings intermediate between those 
given by the components (15). Multilayers of branched chain acids, in 
the few cases that have been studied so far, give x-ray spacings which 
are shorter than the length of the double molecule but longer than that 
of a single molecule, indicating tilted double molecules (16). Multilayers 
of the pentacosanoic acid from avian a-mycolic acid and the tetracosanoic 
acid from bovine wax gave long x-ray spacings of 67.5 and 65.2 A respec- 
tively. Multilayers of u-pentacosanoic acid and n-tetracosanoic acid* 
built under identical conditions gave long spacings of 67.7 and 65.3 A 
respectively. These results are obviously consistent with the view that 
the two natural acids are mixtures of closely related normal chain 
homologues. 

’The n acids used here were original synthetic specimens obtained from Professor 
Francis of Bristol (c/. (17)). 



STiliBEKG-STBKHAGEN AND STENHAGSN 


603 


Some attempts have been made to settle the composition of the penta- 
cosanoic acid from avian a-mycoKc acid. For this acid Anderson and 
Creighton (3) report a molecular weight (by titration) of 379.S (379.6, 
380). As n-tetracosanoic and «-he.\aco3anoic acids have been obtained by 
pyrolysis of other mycolic acids, it is reasonable to suggest that the penta- 
cosanoic acid might be a mixture of these two acids. If so, the molecular 
weight indicates a mixture of 60 mole per cent n-Cu and 40 per cent n-Cw. 
From the melting point cur\'e for the binary mbcture of these two acids 
constructed by Piper, Chibnall, and Williams (6) the melting point of 
such a mixture would be about the same, i.e. 73-79°, as that reported (3) 
for the avian pentacosanoic acid. The monolayer results of the artificial 
mixture, however, differ from those of the natural compoimd in that the 
temperatures at which the various surface phase transitions take place are 
higher for the artificial mixture. It seems necessary’, therefore, to assmne 
the presence of a third component in the natural product. A minute 
amount of unsaturated material is indicated by the fact that a slight color 
is produced when the specimen is treated with concentrated sulfuric acid 
at a temperature of 70°. 

We are greatly indebted to Professor R. J. Anderson for specimens of 
the natural products and for his interest in the work. The expenses 
involved in this work were defrayed by grants from the National Swedish 
Antituberculosis Association and the Rockefeller Foundation. We are 
indebted to Mrs. K. Nilsson for assistance in the experimental work. 

SUiliUEY 

A mono- and multilayer study of a pentacosanoic acid obtained by 
pyrolysis of avian a-mycolic acid and a tetracosanoic acid derived from 
the wax of the bovine tubercle bacillus indicates that both these acids are 
mixtures of closely related normal chain homologues. 
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MECHANISM OF INHIBITION OF PHOSPHATASE 
ACTIVITY BY GLYCINE 

By OSCAR BODANSKY 

(From the Department of Pharmacology, Cornell University Medical College, Xexa 

York City) 

(Received for publication, July 11, 1946) 

Glycine and other a-anaino acids in very low concenlrations have been 
shown to increase the apparent activity of several enzymes: urease, the 
various amylases, pancreatic lipase, tyrosmase, yeast peptidase, and the 
phosphatases (1-3). Occasional observations in the literature indicate, 
however, that higher concentrations of a-amino acids exert an inhibiting 
effect on enzyme action (1 , 4r-7) . Thus Kato’s study of the effect of glycine 
on urease activity contains data showing that glycine iohibits this enzyme 
at concentrations greater than about 0.04 ii (4). Bodansky observed that 
tissue phosphatase activity was retarded by glycine and other a-amino 
acids in concentrations greater than about 0.01 to 0.001 m, depending upon 
the particular a-amino acid employed (1). 

In view of these instances of enzyme inhibition by a-amino acids, it was 
considered that the nature of the effect warranted more complete investi- 
gation. The present paper is concerned with the mechanism of inhibition 
of bone and intestinal phosphatase preparations by glycine. 

EXPBBIIIENTAI, 

The methods for preparing the phosphatase extracts and for measuring 
their activity have been previously described (1, 8). Dialyzed phosphatase 
extracts of rat bone, rat intestine, human intestine, and cat bone were 
employed. The concentration of the substrate used, sodium ^glycero- 
phosphate, depended upon the particular experiment. The concentration 
of the buffer, sodium diethyl barbiturate, was 0.5 gm. per 100 cc. of hj'- 
drolysis mixture. All reaction velocity determinations were carried out at 
optimal pH (9.0 to 9.2), attmned by incorporating the necessary amount of 
acid or alkali in the buffered mixture. Since it had been previously shown 
that concentrations of about 0.01 to 0.001 si magnesium ion and 0.006 si 
glycine are necessary for optimal activity of phosphatase and for direct 
proportionality between such activity and enzyme concentration (1), the 
inhibitory effects of glycine were determined in nuxtures containing these 
concentrations of magnesium ion and glycine. Thus, any concentration of 
glycine noted in the text represents that present in addition to 0.006 si 
glycine. The sources of the compounds were as follows: glycine (Eastman 

605 



606 


GLYCINE INHIBITION OP PHOSPHATASE 


Kodak), monomethylglycine (Hoffmann-La Roche), glycine ethyl ester 
(Hoffmann-La Roche). Dimethylglycine was prepared according to the 
method of Michaelis and Schubert (9). 

The reaction velocity was determined as previously described (8), 
usually in duplicate hydrolyses. The amount of phosphorus liberated as 
inorganic phosphate per cc. of hydrolysis mixture was determined at 

Tabi.e I 

Inhibition of Bone Phosphatase Activity by 0.0625 m Glycine at Varying Substrate 
(Sodium 0-GUjcerophosphate) Concentrations 
Concentration of rat bone phosphatase, Preparation RBM-d, 12.5 per cent by 
volume in hydrolysis mi.xture. Theoretical reaction velocities in absence and 
presence of glycine calculated in accordance with Equations 1 and 2 (see the te.xt), 
respectively. K, = 0.0019 mole per liter; K', = 0.0019 mole per liter. 


Phosphorus liberated as phosphate per cc. per mtn. 


Concentration of Na 
/3-glyccrophosphote 

No inhibUlon 

0.0625 u glycioe 

Observed | 

Calculated | 

Observed 

Calculated 

v 

y 

T 

Y 

Y 

0.00127 

0.88 

0.80 

0.35 

0.33 

0.00134 


0.82 



0.00191 

0.99 

1.00 



0.00319 

1.11 

1.25 

0.53 

0.50 

0.00635 

1.37 

1.54 

0.65 

0.64 

0.0127 

1.81 

1.74 

0.72 

0.73 

0.0254 

1.89 

1.84 

0.77 

! 0.78 

CO 1 

3.12* 

3.12 

0.83* 

0.83 


* Extrapolated. 


three time intervals, spaced as equally apart as possible, during the zero 
order portion of the reaction. All hydrolyses were conducted at 25° in a 
water thermostat regulated to within 0.01-0.05°. 

Res^ilts 

Inhibition of Bone Phosphatase — Table I shows the effect of 0.0625 M 
glycine on the velocities of action of rat bone phosphatase, Pi'eparation 
RBM-d, as the concentration of substrate, sodium d-glycerophosphate, 
was varied. The reciprocals of the reaction velocities in the absence of 
glycine were plotted against the reciprocals of the substrate concentrations, 
in accordance with the Lineweaver-Burk transposition of the Michaelis- 
Menten expression (10, 11), 


1 _ g. 1 1 

Vo Vmax. ^ Emai. 


( 1 ) 
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where Vo is the reaction velocity in the absence of inhibitor at concentration 
S of the substrate, is the reaction velocity in the absence of inhibitor 
at maximal (theoretically infinite) concentration of substrate, and K, is the 
dissociation constant of the assumed, intermediate ensjune-substrate com- 
plex. A straight line was drawn through the experimental points and the 
following values were obtained from the plot: K, ~ 0.0019 mole per liter; 
Fm.y = 2.00 -y of P liberated per cc. per minute, 

A similar plot was made of the reaction velocities in the presence of 
0.0625 M glycine in accordance with the following Lineweaver-Burk ex- 
pression. 


V 





( 2 ) 


V is the reaction velocity in the presence of concentration of inhibitor, J, 
at substrate concentration; S ■ Vm,x. is the reaction velocity at maximal 
substrate concentration in the presence of inhibitor, Kj is the dissociation 
constant of the assumed intermediate enzyme-inhibitor complc.x and K', 
~ K, -f- (KJ/Kj) is the dissociation constant of the intermediate enzyme- 
substrate complex in the presence of inhibitor. A straight line drawn 
through the experimental values gave the following; Fok. = 0.83 y of P 
liberated per cc. per minute; K', = 0.0019 mole per liter. The third and 
fifth columns of Table I show the values for the reaction velocities calculated 
by using these values for Van. in the presence and absence of glycine and 
for K, and K',. Except for the reaction velocities at 0.00319 and 0.00635 
u substrate in the absence of glycine, these calculated values are in very 
good agreement with the e.xperimentally determined reaction velocities. 
The findings that Ymn. in the presence of glycine w'as less than F-.^ 
without inhibitor and that K', had, within experimental error, the same 
value as K, show that the inhibition of rat bone phosphatase by glycine 
was wholly non-competitive. 

In order to obtain the value for the dissociation constant of the assumed 
bone phosphatase-glycine complex, the velocities of action were determined 
at varying glycine concentrations and constant substrate concentration, 
0.0127 i£ sodium /S-glycerophosphate (Table 11). The values for K'l, the 
dissociation constant of an enzyme-inhibitor complex formed non-com- 
petitively, were calculated in accordance with the following transposition of 
the Michaelis-Menten expression (10), 



Fo is the velocity without inhibitor and F the velocity at the concentration, 
I, of the inhibitor. It may be seen from Table 11 that the values of K'z 
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were the same, ivithin experimental error, when the concentration of gly- 
cine was varied from 0.00625 to 0.250 M. The average value of K't is 
0.039 (s.D. = 0.0045). Since Equation 3 does not contain any terms in- 
volving substrate concentration, the value for K'l is the same at all sub- 
strate concentrations. 

Inhibition of Intestinal Phosphatase — ^Table III, Column 2, shows the 
velocities of action of the rat intestinal phosphatase. Preparation RIK-d, 
as the concentration of substrate was varied. The reciprocals of these 


Table II 

Non-Competilive Nature of Inhibition of Rat Bone Phosphatase by Olycine 
Concentration of rat bone phosphatase, Preparation RBM-d, 12.5 per cent by 
volume in hydrolysis mixture. Concentration of sodium /3-glycerophosphate, 
0.0127 M. Dissociation constant, K‘i, calculated in accordance with Equation 3 
(see the text). K'l — (//(Fo/P) — 1). 


Concentration 
of glycine 

P liberated as pbospbate 
per cc. per min. 

V. velocity without glycine 

K'l 

V velocity with glycine 

u 

y 

1 

mole per h 

0.0 

1.81 



0.00625 

1.52 

1.19 

0.033 

0.0125 

1.42 

1.28 


0.0313 

0.93 

1.95 

0.033 

0.0625 

0.72 

2.62 

0.041 

0.125 

0.43 

4.22 


0.250 

0.26 

6.97 

0.042 


velocities in the absence of glycine were plotted against the reciprocals of 
the corresponding concentrations of substrate and a straight line dratvn 
through the experimental points in accordance with Equation 1. The 
follotving values were obtained: X, = 0.0029 mole per liter, 7m«. = 3.12 y 
of P liberated per cc. per nunute. Column 3 shows that the reaction veloc- 
ities calculated on the basis of these values are in good agreement wth the 
experimentally determined velocities. Column 4 shows the reaction veloc- 
ities in the presence of 0.0625 m glycine. The reciprocals of these velocities 
were plotted against the reciprocals of the substrate concentrations and a 
straight line was drawn through the resulting points in accordance with 
Equation 2. According to this plot, Fmm. in the presence of glycine was 
1.42 7 of P liberated per cc. per minute, and K', = K, -j- (KJ/Kf) was 
0.0062 mole per liter. That in this case also the experimental points fell 
very close to the straight line drawn through them is attested by the excel- 
lence of the agreement between the calculated (Column 5) and the experi- 
mentally determined velocities (Column 4). 

The finding that Fmax. wth glycine was lower than Fma*. without glycine 
indicated the non-competitive nature of the inhibition by glycine. On the 
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other hand, the finding that K‘, > K, showed that there was also a com- 
petitive component in this inhibition. That enzyme inhibitors need not 
be either wholly competitive or wholly non-competitive has, of course, 
been previously noted in a number of instances (12). 

The relative noagnitude of the competitive and non-competitive com- 
ponents of the inhibition of rat intestinal phosphatase by glycine was 
determined by the following calculations and experiments. At maximal, 
t.e. theoretically infinite, substrate concentration, whatever inhibition is 

Table ni 

Inhibilion of Inteslinal Phosphatase Activity by 0.06S5 it Glycine at Varying Substrate 
(Sodium 0-Glycerophosphate) Concenirations 
Concentration of rat intestinal phosphatase, Preparation RIK-d, 12.5 per cent 
by volume in hydrolysis mixture. Theoretical reaction velocities in absence and 
presence of glycine calculated in accordance with Equations 1 and 2 (see the text), 
respectively. K, — 0.0029; K', = 0.0062 mole per liter. 


Conccatnlioti 
of Na. ^-0’cero-j 
pko&j^te ! 

j 

U) ! 

Ifbospboms Ubemcd xs phospbite per cc. per aln. 

RaUo of noa- 
competitive to 
total iabibitioa* 

(I) 

Ko iabibtttoa 1 

1 Oj0615 u slycifiC 

If bbiblttoa 
were solely toa* 
conpcUtive* 
C6) 

Obsened ! 
(2) 

Calculated 

C3) 

Observed 

(♦> 

Calculated ' 
(5) 


If 

y 


r 

r 

fier uni 

0.00127 

0.96 

0.94 


0.24 

0.43 

74 

0.00254 

1.39 

1.45 


0.41 

0.63 

78 

0.00635 

2.09 

2.13 


0.72 

0.94 

S3 

0.0127 

2.47 

2.55 

1 0.95 

0.95 

1.13 

88 

0.0254 

2.97 

2.81 

1 1.17 

1.13 

1.34 

1 91 

0.0508 

2.89 

2.96 





03 

3.12t 

3.12 

1.42t 

1.42 

1.42 

100 


* See the text tor the method of calculating these values, 
t Extrapolated. 


present is due entirely to the non-competitive component (11, 12). .As 
may be calculated from Table III, the ratio ViFo at this concentration 
was 0.45. The reaction velocities at the other substrate concentrations in 
the absence of glycine were multiplied by this factor to give the velocities 
that would result if the inhibition by glycine were solely non-competitive 
(Table III, Colunm 6). These velocities were then compared with those 
actually obtained in the presence of 0.0625 ii glycine. The inhibitions, were 
then calculated, and the non-competitive component expressed as a fraction 
of the total inhibition. For example, at 0.00127 xi substrate, the total inhi- 
bition amounted to 0.96 — 0.24 or 0.72 7 of P per cc. per min ute; the 
calculated inhibition that would result if it were solely non-competitive 
would be 0.96 — 0.43 or 0.53 7 of P per cc. per minute. Hence, the non- 
competitive component was 74 per cent in this instance. As may be seen 
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from Table III, this component constituted from 74 to 91 per cent of the 
total inhibition at various substrate concentrations, being greater at the 
higher substrate concentrations. 

Table IV shows the inhibition of intestinal phosphatase activity by 
various concentrations of glycine at a substrate concentration of 0.0127 m. 
In the third column, these velocities are calculated as fractions of the veloc- 
ities without glycine (V:Vo). Application of Equation 3, the expression 
for non-competitive inhibition, to the reaction velocities at maximal 
substrate concentration in the presence and absence of 0.0625 m 

Table IV 

Inhibilion of Inleslinal Phosphatase Activity at Varying Concentrations of Glycine 
Concentration of rat intestinal phosphatase, Preparation RIK-d, 12.5 per cent 
by volume in hydrolysis mi.xture. Concentration of sodium /l-glyccrophosphate, 
0.0127 M. 



Phosphorus liberated as phosphate per CC. per mlo. , 


Concentration of 
glycine 

1 Observed 

If inhibition were solely 
non-competitive* 

Ratio of non- 
competitbe 
to total 


Fraction of 
uninhibited 
veiocity 


Fraction of 
uninhibited 
velocity 

inhibition* 

u 

•>' 

ptr cent 


per cent 

per cent 

0.0 

2.47 

100 


100 



1.84 

75 



SO 

■ESI 

1.53 

62 

1.54 


97 

■S^l 

0.95 

39 

1.11 


90 


0.64 

26 

0.73 

29 

96 

0.188 

0.50 

20 

0.52 

22 

98 

0.250 

0.36 

15 

0.42 

17 

98 


* See the te.xt for the method of calculating these values. 


glycine yielded a value of 0.051 mole per liter for K'l, the dissociation 
constant. By substituting this value and the velocity, 2.47 y of P 
per cc. per minute, at 0.0127 m substrate concentration in the absence 
of glycine (Vo) in Equation 3, it was possible to obtain, 'within the experi- 
mental errors involved, the reaction velocities that would exist at the 
various glycine concentrations if the inhibition were solely non-compelitivc. 
The ratios of non-competitive to total inhibition were then calculated 
(last column. Table IV). For example, at 0.250 M glycine, the total in- 
hibition was 2.47 — • 0.36 or 2.11 y of P per cc. per minute; the inhibition 
that would exist if it were solely non-competitive would be 2.47 — 0.42 or 
2.05 y of P per cc. per minute. Hence the non-competitive component in 
this instance was 98 per cent of the total. It may be seen that, at a con- 
centration of 0.0127 M substrate, the non-competitive inhibition constituted 
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Table V 

InhStilion of Phoiphalate Acliviiy by Glycine and Glyeine-SubslituUd Compounds 


Concentration of phosphatase, 12.5 per cent by volume in hydrolysis mixture. 
Concentration of sodium ^-glycerophosphate, 0.0127 m. 


phospbitue prepmtios 


Phcsphorcs Uberailed u phosplute pex cc. pet 

of inhibitor 

Glycuie 

GlycLC-e 
ethyl eter 

UouGsatthyl- 

glyoae 

Diaeihyl- 

giycse 


U 

ir 

■'f 

ir 

T 

CaB.A-d, cat bone 

0.0 

1.05 

1.05 

1.05 

0.97 

phosphatase 

0.0125 

0.83 

0.78 





0.6S 

0.65 


0.91 



0.47 

0.64 

1.04 




0.35 


0.82 

0.94 


0.125 

0.425 

0.06 

0.36 


1.01 


0.50 




0.75 

MID-d, human intes- 

0.0 

1.13 

1.13 


1.13 

tinal phosphatase 

0.0Q625 

1.04 

1.01 




0.0125 

0.96 

0.96 




0.0250 

0.71 

0.85 


1.05 


0.050 

0.0625 

0.50 

0.75 


0.99 


0.125 

0.156 

0.24 

0.44 


0.92 


Table VI 

Concentrations of Glycine and Substituted Glycine Compounds Required to Produce 
50 Per Cent Inktlntion of Phosphatase Actimiy 
These concentrations have been estimated from the experimental values recorded 
in Table V and in accordance with the method described in the text. 


Compound 

Co&ceatxitlca required to pcodccs 

1 ^ per cc^t 

, Bcue i 

! phospbata^^* | 
Prepanuoa Ca^BA'd: 

lutfisiinxl 
pbosphauae. 
Prepara ticu Mn>-d 


i 


Glycine 


0.043 

“ ethyl ester 


0.0S2 

Mouomethylglycine . 



Dimethylglycine . . 

1 i-e i 

1.4 


80 to 98 per cent of the total inhibition, being higher at the higher concen- 
trations of glycine. 
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Inhibition of Phosphatase Activity by Substituted Glycine Compounds— 
In Table V are shown the inhibitions of cat bone phosphatase, Preparation 
CaBA-d, and human intestinal phosphatase, Preparation MID-d, by 
glycine, glycine ethyl ester, monomethylglycine, and dimethylglycine. 
The reciprocals of the reaction velocities were plotted against the concen- 
trations of these various inhibitors; from the straight lines draw through 
the experimental points, the concentrations at which 50 per cent inhibition 
occurred were estimated. Table VI shows that about twice as high a con- 
centration of glycine ethyl ester as of glycine was necessary to produce the 
same degree of inhibition. The introduction of methyl groups into the 
amino group led to a much more marked decrease in the inhibition. Thus, 
about 10 times as high a concentration of monomethylglycine and about 50 
times as high a concentration of dimethylglycine as of glycine were neces- 
sary to produce 50 per cent inhibition of cat bone and human intestinal 
phosphatase activity. 

DISCUSSION 

Michaelis and Menten (10) assumed that enzyme inhibition was due to 
the formation of an inactive but dissociable enzyme-inhibitor complex. A 
considerable number of studies have substantiated this assumption (10-14). 
Michaelis and Menten (10) also pointed out that the inhibitor may combine 
with the enzyme either so as to decrease its active mass without displacing 
it from its combination with the substrate (non-competitive inhibition) or 
or so as to compete wth the substrate (competitive inhibition). In the 
present study it has been shown that the inhibition of rat bone phosphatase 
by glycine is wholly non-competitive and in good agreement with the 
mathematical formulations for such inhibition. The dissociation constant 
of the rat bone phosphatase-glycine complex was found to be 0.039 (s.d. = 
0.0045) mole per liter. 

In contrast, the inhibition of rat intestinal phosphatase by glycine is 
mixed, being both competitive and non-competitive, but largely the latter. 
At a concentration of 0.0625 m glycine, the non-competitive component 
ranged from 74 per cent of the total inhibition at 0.00127 m substrate to 91 
per cent at 0.0254 m substrate. This relative increase in the magnitude of 
the non-competitive component is to be expected, since competitive in- 
hibition decreases with increasing substrate concentration. 

The formation of the phosphatase-glycine complex appeam to involve 
both the carboxyl and the amino groups of glycine. Esterification of 
glycine reduced the inhibition considerably, and substitution of two methyl 
groups for the hydrogen atoms in the amino radical practically nullified the 
mhibition. The extension of the studies reported in the present work to 
bone and intestinal phosphatases of other species, to other tissue phos- 
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phatases, and to ot-amino acids other than glycine naturally suggests itself. 
It would also be of interest to elaborate the present observations on in- 
hibition so as to determine whether blocking the carboxyl and amino groups 
may alter not only the degree, but also the type of inhibition. 

sumuBT 

1. The h'lichaelis-Menten dissociation constant of the intermediate en- 
zyme-substrate complex has been found to be 0.0019 mole per liter for the 
action of rat bone phosphatase on sodium ^-glycerophosphate, and 0.0029 
mole per liter for that of rat intestinal phosphatase on this substrate. 

2. Glycine in concentrations higher than the 0.006 si necessary for opti- 
mal activity inhibits the action of phosphatase. The glycine inhibition of 
rat bone phosphatase is entirely non-competitive in type; the dissociation 
constant of the assumed rat bone phosphatase-glycine complex is 0.039 
mole per liter. The glycine inhibition of rat intestinal phosphatase is 
mixed, being both competitive and non-competitive. Under the condi- 
tions of variation in the concentrations of substrate and glycine here in- 
vestigated, the non-competitive component of the inhibition ranged from 
74 to 98 per cent of the total inhibition. 

3. The inhibition of phosphatase action by glycine depends to a very 
considerable degree upon the intactness of the carboxyl and amino groups 
of glycine. Esterification of the carboxyl group reduced the inhibition to 
about one-half its value. Introduction of methyl groups into the amino 
radical decreased the inhibition much more markedly. 
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The relation between enzymatic functions and cell structure remains one 
of the most interesting and least explored problems confronting the cytolo- 
^t and biochemist. Investigations by various methods have yielded a 
certain amovmt of information on the subject, but the validity of the re- 
sults, especially those secured by irdcroscopical stain reactions, has been 
questioned. The present day knowledge regarding the distribution of 
enzymes in the cell is mostly derived from iustochemical studies such as 
those of Gierke, Graeff, and others (1-4), from investigation by the in- 
genious microtechniques of Linderstrpm-Lang and Holter (5), and from the 
more recent studies on the analysis of isolated parts of cells (6-11). 

The experiments described in the present report offer additional data on 
the distribution of two enzyme systems, cytochrome oxidase and succinoxi- 
dase, in the cytoplasm of the liver cell of the rat. In these experiments, 
use was made of the observation of Claude (12, 13) that an e.xtract suitable 
for fractionation by differential centrifugation can be prepared from animal 
tissues in such a way that it consists almost entirely of material from the 
cytoplasm, the nuclei being removed practically uninjured, together with 
residual intact cells, by preliminary centrifugation. This “cytoplasmic 
extract” can be fractionated upon further centrifugation into the following 
three distinct portions: (1) large granules, 0.5 to 2 in diameter, separated 
by 25 minutes centrifugation at 2000 X g, and representing mitochondria 
for the most part; (2) small particles or microsomes, 60 to 150 m/i in diameter, 
separated by 90 minutes centrifugation at 18,000 X g; and (3) the super- 
natant fluid remaining after the two sedimentable fractions have been 
removed. 

The three fractions just described were examined for their cytochrome 
oxidase and succinoxidase content. In the present experiments, as in 
additional ones of the same tj^ie that involve other enzymes and will be 
reported in subsequent papers, attention was paid not only to the specific 
activity of the respective preparations in terms of their Q values but also 
to another quantitative aspect of the results by determining the total 
amount of activity recovered with each fraction, and expressing it in per- 
centage of the total activity possessed by the original extract. 
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Experiments are also under way in which a comparison is being made of 
the activity of the various cell fractions derived from both normal liver and 
liver of animals treated with the carcinogen, p-dimethylaminoazobenzene, 
in order to follow, if possible, the changes brought about by the chemical in 
the course of the malignant transformation of the hepatic cells. The pre- 
liminary results obtained in the study are included in this report. 

EXPERIMENTAL 

Materials and Methods 

Animals and Diet — The animals used in most of the experiments were 
young adult albino rats of the Wistar strain, fed a diet of bread and milk, 
and weighing 125 to 150 gm. In four experiments, the rats were of the 
Sherman strain and were fed either a basic diet (control group) consisting 
of unpolished rice (Texas brand), washed casein (Merck), olive oil, and 
carrot (14), or the same basic diet, to which p-dimethylaminoazobenzene 
was added to a final concentration of 0.06 per cent (test group). 

Preparation and Fractionation of Liver Extract — ^The procedure by which 
the liver extract was prepared and subsequently fractionated in the cen- 
trifuge has been described in detail in preceding papers (12, 13). In brief, 
the method was as follows: 

From ten to fifteen rats were used in a single experiment. Each animal 
was lulled by a blow on the head and allowed to bleed profusely through a 
neck incision; its liver was removed without delay and placed on ice. The 
pooled livers were forced in small fragments through a masher fitted with a 
1 mm. mesh screen that retained the connective tissue framework and al- 
lowed the parenchymatous part of the organs to be collected as a pulp. 
The liver pulp was ground alone in a mortar for about 3 minutes; the sol- 
vent, 0.85 per cent NaCl solution, was added very slowly at first, then more 
rapidly until a final volume equivalent to 5 times the weight of the pulp 
had been used. The resulting suspension was submitted to three successive 
centrifugations of 3 minutes at 1500 X g, and the sediments, composed of 
tissue d6bris, unbroken cells, free nuclei, and red corpuscles, were discarded. 
The supernatant solution from the last centrifugation will be referred to as 
the liver extract. 

The liver extract, rvhich contained for the most part elements derived 
from the cytoplasm of the hepatic cells (12, 13), was subjected to fractiona- 
tion by means of differential centrifugation, its constituents being segre- 
gated into the three main portions already mentioned, according to the 
scheme illustrated diagrammatically in Fig. 1 . In this fractionation a single 
centrifuge type was used, namely the SB, size 1 model, manufactured by 
the International Equipment Company, Boston. The preliminaiy cen- 
trifugation at 1500 X g was accomplished by means of the horizontal yoke 
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No. 242 -witli Pyres cups of 250 ml. capacity; separation and wasiiing of the 
large granules were carried out imder a force of 2000 X p in the conical head 
No. 823, with narrow neck Pyrex tubes of 50 ml. capacity; the microsomes 
were separated by means of the multispeed attachment and No. 295 head. 

The initial separation, or concentration, of the large granules was accom- 
plished by submitting the liver extract to 25 minutes centrifugation at 



Livep Extract 

Separ»ation cf Q«mules 

25 minutea 20TO x 0 . 


■L.G.C. 


'W’oahing of X.G. 

3 cycles of 
25 minutes at ZOOOxg 



L.G.W 



InteiJmedicite i?un 

4 minutes ct 16,000 X 0, 



5epax?Qtioft of auC3?oscmes 
90 minutes aX IS,CC0 x 0 , 



M.C. 

1 

■WaahiM of miciiosonjes 
Z cycles of 

*30 minutes at 18,000 xg. 


M-w. 



I’m. 1. Fractionatioa of Uver extract by diSerential centrifugation: diagram of 
procedure. The fractions especially investigated were L.G.c., L.G.w., S-, and M.w. 
(see the text). 


2000 X g. The supernatant (S) was retained for further fractionatioa. 
The TTiain portion of the sediment was resuspended in a known volume of 
0.85 per cent NaCl solution and will be referred to as the concentrated 
large granule preparation (L.G.C.). There remained a small bottom layer 
in the pellet that contained tissue debris. This fraction (Sdi) was reserved 
separately. 

In order to effect purification and to free the preparation from the soluble 
substances of the original liver extract, the large granules were washed by 
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submitting them to three- successive cycles of centrifugation at 2000 X g 
for 25 minutes with intervening resuspensions. The opaque, yellowish 
sediment from the last centrifugation was resuspended in saline and will be 
referred to as the -washed large granule preparation (L.G.W'.). At each suc- 
cessive centrifugation, a diminishing fraction at the bottom of the pellet, 
which consisted of a few residual red cells, nuclei, and agglutinated large 
granules, was removed and added to fraction Sdi. 

The supernatant (S), set aside when the mass of the large granules was re- 
moved, still contained large granules in small amount. In order to insure 
greater homogeneity for the microsome fraction the remaining large gran- 
ules were discarded, together with a portion of the microsome substance 
itself, by a centrifugation of 5 minutes at 18,000 X g- The supernatant 

51 was saved, wliile the resulting mixed sediment (Sdi) was resuspended 
in saline and used for determination of solids and activity tests. 

Separation of the njicrosome material was then brought about by sub- 
mitting Si to centrifugation at 18,000 X g for 90 minutes. The supernatant 

5 2 was saved and constituted the third liver fraction. The sediment from 
this high speed centrifugation appeared as a pellet of jelly-like material, 
completely transparent and dark amber in color. The entire deposit was 
resuspended in saline to give an opalescent suspension which will be re- 
ferred to as the concentrated microsome fraction (M.c.). 

Washing of the naicrosome material was accomplished by submitting it 
to two cycles of centrifugation at 18,000 X g for 90 minutes and resuspen- 
sion in saline. The deposit from the last centrifugation will be referred 
to as the washed microsome preparation (M.w.). 

Detennination of Cytochrome Oxidase Activity — The determination of 
cytochrome oxidase was made aerobically at 38° according to the method 
of Schneider and Potter (15). The Warburg manometric vessel contained 
0.35 ml. of enzyme preparation, 0.1 ml. of 0.5 m phosphate buffer, pH 7.4, 
1.0 ml. of 1.3 X 10~^ M cytochrome c in 0.85 per cent NaCl solution, and 
0.15 ml. of 0.005 m AICI3. The side arm contained 0.15 ml. of 0.114 M 
sodium ascorbate, the center well 0.2 ml. of 5 n KOH. A control vessel, 
containing all the reagents except the enzyme preparation, was run in 
parallel. The ascorbate solution was tipped into the vessel after equilibra- 
tion for 15 minutes. 2 to 3 minutes were then allowed for reestablishment 
of temperature equilibrium, and the manometer readings were made there- 
after every 5 or 10 minutes. The average volume of oxygen absorbed 
during the fimt 20 minute period was used in calculating the Qo, values 
for each preparation (microliters of o.xygen taken up per hour per mg. of 
dry weight). In addition, the total activity of each fraction was calculated 
from the aliquot used in the flask and expressed in per cent of the total 
activity exhibited by the unfractionated extract (recovery values). 
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It Was noted, as pointed out elsewhere (16), that the autoxidation of 
ascorbic acid varied somewhat from one experiment to the next and was 
usually depressed in the presence of active cytochrome oxidase prepara- 
tions. For this reason, it was necessary to make the determination at three 
levels of enzyme activity for each fraction and to calculate the ascorbic 
acid autoxidation by extrapolation to zero enz 3 rme concentration. This 
procedure was accepted as valid, since it yielded a linear relation between 
oxygen uptake and amount of enzyme preparation. Use was made of a 
20 minute period for calculation of Qo, and recovery values, since the o.xy- 
gen uptake was regularlj’' constant during that interval but tended, in some 
instances, to decrease slowly at later periods. The endogenous oxygen 
uptake, without substrate, of aU preparations at the dilutions used for the 
cytochrome oxidase determination was found in preliminary experiments to 
be negligible. A second control flask to correct for endogenous oxj'gen 
uptake was therefore not used. 

Determination of Succinoridase Activity — ^The determination of aerobic 
succinoxidase actmty was carried out manometricaUy at 38° (15). The 
vessel contained O.SO ml. of enzyme preparation; 0.1 ml. of 0.5 ii phosphate 
buffer, pH 7.4; 0.4 ml. of cytochrome c solution (1.3 X lO'* m); 0.15 ml. of 
0.005 M CaClj; and 0.15 ml. of 0.005 M AlClj. The side arm contained 0.15 
ml. of 0.5 M sodium succinate, and 0.2 ml. of 5 N KOH was placed in the 
center well. A control without substrate for determination of endogenous 
oxygen uptake was necessary only in the case of the e.xtract, the endogenous 
uptake of this preparation being approximately 10 per cent of that occurring 
in the presence of succinate. The assay of each preparation was made at 
two or more levels of enzyme activity, and the procedure followed in equili- 
brating the vessels, reading the manometers, and calculating the Qoi ^ud 
per cent recovery of activity from the extract was similar to that described 
for the cytochrome oxidase determination. The oxygen uptake observed 
with succinate as substrate was linearly proportional to the amount of 
enzyme preparation at the dilutions used in the present determinations. 

Determination of Anaerobic Svccinic Dehydrogenase Activity — The 
demonstration that ferricyanide is reduced in the presence of tissue slices 
and succinate with the formation of acid and that the rate of acid formation 
can be measured anaerobically in bicarbonate medium (17) has proiided a 
convenient method for the determination of succinic dehydrogenase. The 
results of preliminary experiments indicated not only that the ferricyanide 
method was applicable to cell-free tissue suspensions as well as to tissue 
slices, but also that the rate of CO; production approached fairly closely' the 
theoretical value predicted from the rate of oxygen uptake in aerobic 
determinations (t.e., 4 microliters of COj evolved anaerobically per 1 micro- 
liter of Oi absorbed aerobically). 
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The determination of succinic dehydrogenase by this method was made 
as follows: 1.5 ml, of 0.05 m NaHCOj, 0.2 ml. of 0.5 m sodium succinate, 0.8 
ml. of 0.85 per cent NaCl, and 0.5 ml. of the enzyme preparation were mixed 
in a Warburg vessel, and 0.4 ml. of an 8 per cent solution of Na 3 Fe(CN)i in 
0.025 M NaHCOs was placed in the side arm. The vessel was quickly 
gassed with a 5 per cent COa-95 per cent Na mixture and equilibrated at 38° 
for 15 minutes. The contents of the side arm were then added to the vessel, 
2 minutes were allowed for reestablishment of temperature equilibrium, 
and readings were taken thereafter at 5 minute intervals. A control 
vessel without succinate was run in parallel. Qcot values were calculated 
from the average COa output observed during the initial 10 minute period. 
The evolution of COa was constant over this period but at later intervals 
declined at a fairly rapid rate (approximately 10 per cent per 5 minutes). 

Results 

Distribution of Cytochrome Oxidase and Succinoxidase in Cytoplasmic 
Extract of Normal Rat Liver — ^In three consecutive experiments the distri- 
bution of cytoehrome oxidase and succinoxidase among the three main 
fractions of normal rat liver was determined. The results are shown in 
Table I. It can be seen that the removal from the extract of all particulate 
components sedimentable at 18,000 X g for 90 minutes (E — > &) resulted 
in complete removal of demonstrable cytochrome oxidase and succinoxidase 
activity. An average of 70 per cent of the former and 74 per cent of the 
latter enzyme system was recovered in the unwashed mitochondrial fraction 
(L.G.C.). Only a small proportion of the activity (less than 4 per cent of 
the cytochrome oxidase and approximately 7 per cent of the succinoxidase) 
was found in the microsome fraction (M.w.). 

Several interesting points are brought to light when the Qo, and recovery 
values for the unwashed mitochondrial fraction (L.G.c.) are compared 
with corresponding figures observed after the granules had been washed 
three times with saline (L.G.w.). The cytochrome oxidase Q value rose 
sharply on washing and almost all of the cytochrome o.xidase originally 
present in the unwashed granules remained associated with these elements. 
The succinoxidase Q value, however, rose only slightly upon washing, and 
the per cent recovery values indicated that an appreciable proportion of the 
total succinoxidase activity had been lost. It was evident, therefore, that 
the washing procedure resulted in definite purification of cytochrome oxi- 
dase with very little loss of enzyme activity, whereas purification of succin- 
oxidase was only slight and accompanied by a considerable loss of the total 
enzyme activity. 

Succinic Dehydrogenase Activity of Particulate Fractions — Since the uptake 
of oxygen by the succinoxidase system is effected through the mediation of 
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oytochiome oxidase, it is conceivable that the latter enzyme may, imder 
certain conditions, become the limi ting factor in the aerobic oxidation of 
succinate. This possibility was remote in the case of the mitochondrial 
fraction which showed high cytochrome oxidase activity but could not be 
eliminated, on the basis of the data in Table I, in the case of the microsomes 
which contained very little cytochrome oxidase. 

In order to obtain a more direct measure of activity against succinate, 
both sedimentable components of the liver extract were tested anaerobically 

Table I 


Dislributim of Cytochrome Oxidase and Succinoxidase in Cytoplasmic Extract of 

Rat Liver 


Liver fraction 

Expcri- 
1 laeat 
No, 

wSSt 

of prep- 
aration 

Total 
volnz&e 
of prep- 
aration 

Cytochrome 

oxidaae 

Sacc£nozidaa» 

m 

Per cent 
recovery 

<?o. 

Per cent 
recovery 




ssl. 





E Giver extract) 

1 

26.0 

250 

27 

(100) 

8.4 

(100) 


2 

29.8 

250 

32 

(100) 

9.0 

(100) 


3 

24.7 

315 

36 

(100) 

10.0 

(100) 

L.G.c. Gerge granules, 

1 

32.0 

20.0 

202 

74 

66 

78 

unwashed) 

2 

44.0 

20.0 

185 

68 

68 

76 


3 

38.3 

25.0 

195 

67 

55 

69 

L.G.w. (large granules, 

1 

20.2 

20.0 

318 

73 

63 

47 

washed 3 times) 

2 

28.2 

20.0 

272 

64 

70 

59 


3 

25.2 

25.0 

295 

66 

62 

50 

M.w. (microsomes, washed 

1 

27.5 

22.5 

<10 

<4 


8 

2 times) 

2 

38.6 

22.3 

<10 

<4 


5 


3 

23.5 

33.8 





Si (supernatant after re- 

1 

16.6 


0 

0 


mm 

moval of large granules 

2 

17.9 


0 

0 

0 


and microsomes) 

3 

16.6 







for succinic dehydrogenase content by the ferricyanide method. The 
results of these determinations, which are summarized in Table 11, demon- 
strate that the ratio, activity of large granules to activity of microsomes, in 
the oxidation of succinate, was roughly the same whether measured aerobi- 
cally or anaerobically. The results thus indicate that cytochrome oxidase 
was not a limi ting factor in the determinations of the aerobic succinoxidase 
activity of the microsomes. 

Additional Studies of Succinoxidase System of Mitochondrial Fraction — As 
shown by the recovery values in Table I, repeated washing of the large 
granule preparations in isotonic saline solution resulted in a considerafale 
loss in their total succinoxidase content. Although this effect is not entirely 
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understood, it is probably related to the physical properties of the granules. 
The following observations and experiments clarify the finding to some 
extent. 

In the three experiments summarized in Table I, a marked decrease in the 
dry weight of the mitochrondrial fractions occurred when the granules 
were washed in saline. Additional observations have shown that the loss 
in dry weight is considerably greater and more rapid if the washing is 
conducted in hypotonic media, such as water or dilute buffers. Further- 
more, when simply suspended in water, the granules can be observed to 
swell enormously and eventually to disintegrate. If the water suspension 
is allowed to stand for several days at 4°, only a small fraction of the original 

Table II 


Comparison 0} Aerobic Succinoxidase and Anaerobic Succinic Dehydrogenase Activities 
of Large Granules and Microsomcs 


Preparation 

Espcrimcnt 

No. 

Succinic 

dehydrogenase 

‘co. 

Succinoxidase 

Oo, 

Ratio, 

Large granules 

1 

205 

63 

3.3 

(washed 3 times) 

2 

251 

70 

3.6 


3 

229 

62 

3.7 

Mioroaomes (washed 

1 

29 

7 

4.1 

2 times) 

2 

30 

4 

7.5 


1 3 

; 36 

I 

1 


large granules can be recovered by low speed centrifugation, the remaining 
material consisting of soluble substances, including protein, and a particu- 
late component which is of considerably smaller size than the original 
mitochondria (12, 13). 

The results given in Table III illustrate the rate of decline in the succin- 
oxidase activity of large granules kept in isotonic and hypotonic media, and 
demonstrate that the stability of the enz 3 une system is considerably greater 
in the former than in the latter type of medium. One is led to assume that 
either the dehydrogenase or an unknown component of the system, inter- 
mediate between the dehydrogenase and cytochrome c, was lost through 
lability or dilution. 

In another e.xperiment, a preparation of large granules was washed t\vice 
with saline, suspended in hypotonic NaHCOs (0.025 m), and tested both 
aerobically and anaerobically for activity against succinate. When 
retested after standing for 72 hours at 4°, the preparation had lost over 90 
per cent of its aerobic succinoxidase activity but only 28 per cent of its 
original anaerobic succinic dehydrogenase activity. The particulate 
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material of the aged preparation "was then isolated by centrifugation at 
18,000 X p for 1 hour, washed tirice in 0.025 M NaHCOj, and finally resus- 

Tablb ni 


Efect of Bypolonic Media on Succinoxidase Activity of Large Granules 


Expensseat 

No, 

Toaidty 

Ccsspouttoa ct aedluai 

Per ceat of origlcal szcdzo^~ 
<Smc actlvftj ilursusdsss 



24 bn. 

43 bn. 

1 

Isotonic 

O.S5%HaCl 

IQO 

66 


Hypotonic 

HsO 

SO 

44 

2 

Isotonic 

0.85% NaCl containing 
0.01 ii phosphate, pH 
7.4 

77 

6S 


Hypotonic 

O.OI St phosphate pH 7.4 

46 

44 

3 

Isotonic 

0.85% XaCl containing 
0.025 sr IfaHCCb 

96 

I 

37 

1 


Hypotomo 

O.tBS St HaHCOj 

! ^ 

! 7 


Txbvb IV 

Efful of Hypotonic Medium on Aerobic Succinoxidase and Anaerobic Succinic Dehy- 
drogenase Activity of Large Granules 


1 

Prepiratioa 

Aerobic detexcucxtioa 

Anaerobic deteidbutioa 

Per dl. 
prepiratioa 
per hr. 

m 

Per dl. 
pfepijrzUca 
per hr. 

^COt 




c.rus. COj 


L.G.o (original preparation in 0.025 si 

43) 

70 

2035 

340 

NaHCQ,) 





HG.j (L.G.oafter standing 72br3. at 4“) 

17 

1 3 

1470 

245 

I 1 .G.S (L.G.J recovered by centrifuga- 

<10 

<2* 

S75 

i 142 

tion and resuspended) 





S (supernatant after centrifugation of 



33 

10 

L.G.0 





L.G.i (L.G.J washed twice and resus- 



53 

30 

pended) 





L.G.J + S 



518t 

1 287t 


* The cytochrome oxidase Qo, for preparation L.G.j was 360 csam. of Oi per rog. 
per hour. The low succinoxidase activity of the preparation was therefore not a 
result of loss of cytochrome oxidase content. 

t These values are calculated on the basis of the aliquot of L.Gs tested. The 
aliquots of both L.Gj and S were the same as those employed when the two prepara- 
tions were tested separately. 

pended in the same medium. The activity of the various preparations is 
shown in Table IV, 

The following points of interest can be derived from the data presented 
in Table IV. (1) The results of the anaerobic measurements indicate that 
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the succinic dehydrogenase system is considerably more stable in hypotonic 
media than would appear from assays of the complete succinoxidase system. 
(2) The anaerobic succinic dehydrogenase activity of the sedimentable 
material remaining after treatment of large granules with a hypotonic 
bicarbonate solution can, however, be reduced to low levels by repeated 
washing in the same medium (L.G.i — >• L.G.j — > L.G.3). (3) A soluble 
fraction (S), obtained after lysis of large granules in hypotonic bicarbonate 


Table V 

Effect of p-Dimeihylaminoazobemene on Distribution of Cytochrome Oxidase and 
Succinoxidase in Cytoplasmic Extract of Rat Liver 


Experi- 

ment 

No. 

Diet 

Liver {cnction 

Cytochrome oxidnse 

Succinoxidue 

Oo. 

Per cent 
recovery 

Oo. 

' Percent 
! recovery 

1 

p-Dimethyl- 

Extract 

32 

(100) 

7.5 

(100) 


aminoazoben- 

Large granules 



46 

35 


zene, 36 days 

(washed 3 times) 







Microsomes (washed 



<2 

<2 



2 times) 





2 

p-Dimethyl- 

Extract 

33 

(100) 

7.8 

(100) 


aminoazoben- 

Large granules 

228 

48 

29 

25 


zene, 60 days 

(washed 3 times) 







Microsomes (washed 

<5 

<1 

2 

2 



2 times) 





3 

Control diet, 44 

Extract 

24 

(100) 

6.7 

(100) 


days 

Large granules 

243 

64 

60 

47 



(washed 3 times) 







Microsomes (washed 

<10 

<2 

4 

3 



2 times) 





4 

Control diet, 60 

Extract 

37 

(100) 

9 

(100) 


days 

Large granules 

234 

63 

55 

50 



(washed 3 times) 

1 






Microsomes (washed 

<6 

<1 

3 

3 



2 times) 



1 



solution, contains a substance which greatly enhances the succinic 
dehydrogenase activity of the lysed and washed particulate material (L.G. 3 ). 

Effect of Ingestion of p-Dimethylaminoazobemene — ^Table V presents the 
results of four experiments designed to determine the effect of p-dimethyl- 
aminoazobenzene on the cytochrome oxidase and succinoxidase activity of 
the cytoplasmic extract and its two particulate components. The condi- 
tions in the four experiments listed in Table V are comparable except that 
the animals in Experiments 1 and 2 received p-dimethylaminoazobenzene 
added to the basic diet. 
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Tlie livers of the animals that received the carcinogenic compound showed 
no gross lesions. The only change noted microscopically in representative 
stained sections was a wide variation in the size of the parenchymal cells 
and their nuclei, but in no instance was cirrhosis or tumor formation 
detected. The livers of the animals that received the control diet appeared 
grossly and microscopically normal. 

The data of Table V, in the light of those obtained with the liver of rats 
fed a normal diet (Table I), show that neither the butter yellow nor the 
control diet appreciably affected the cytochrome oxidase and succinoxidase 
activity of the liver extract. The activity (Qoi) and per cent recovery of 
both enzyme systems in the mitochondrial fractions derived from the 
animals fed the control diet (Experiments 3 and 4, Table V) were, however, 
slightly less than comparable values recorded in Table I. In E.xperinient 2, 
Table V, in which the large granules obtained from animals fed butter 
yellow were assayed for cytochrome oxidase, neither the Qo, nor the per 
cent recovery of this enzyme was greatly different from comparable values 
obtained in Experiments 3 and 4 with the control animals. The succinoxi- 
dase Qo, and per cent recovery values obtained in one butter yellow experi- 
ment (Experiment 1, Table V) were somewhat lower than the control 
values and in the next butter yellow experiment (Experiment 2, Table V) 
were considerably lower than the control values. 

DISCOSSION 

InlraceUuIaT DisiriinUion of Enzymes — The observations reported in 
the present paper lead to the conclusion that most, if not all, of the cyto- 
chrome oxidase and succinoxidase activity of the cytoplasmic extract is 
associated with relatively large granules, approximately 0.5 to 2 fi in 
diameter. The findings supporting this conclusion can be summarized as 
follows: (1) When both the large granule and microsome fractions were 
removed from the e.xtract, the supernatant Si showed no demonstrable 
cytochrome oxidase or succinoxidase activity. (2) An average of 70 per 
cent of the former and 74 per cent of the latter enzyme system was recovered 
in the mitochondrial fraction. (3) Only a small proportion of the activity 
of the extract (less than 4 per cent of the cytochrome oxidase and approxi- 
mately 7 per cent of the succinoxidase) was found in the microsomes. 
Although the activity of the microsomes was appreciable, it was probably 
accounted for by the presence of large granules or of large granule fragments 
in the microsome fractions. In this respect, direct observations of the 
latter preparations in the dark-field microscope indicated that the number of 
large granules present was probably sufficiently high to account for the 
enzymatic activity of the microsomes. (4) When the over-all recovery of 
enzyme originally present in the extract is considered, it should be noted 
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that two inhomogeneous fractions, Sdi and Sd 2 , were discarded. Sdi 
consisted essentially of agglutinated large granules and a small number of 
nuclei and red blood cells, and Sd 2 of a mixture of large granules and micro- 
somes. On the basis of dry weight measurements and microscopical obser- 
vations, it has been estimated that the number of large granules present in 
the discarded fractions is usually 10 to 20 per cent of those originally 
present in the extract. Furthermore, occasional determinations have 
shown that the discarded large granules possess roughly the same enzyme 
activity as that of the main large granule fraction. The amount of activity, 
in terms of recovery, which can be accounted for as present in large granules 
thus approaches 90 per cent for both enzyme systems. 

Taken together, these observations suggest that the cytochrome o.xidase 
and succinoxidase systems, when isolated by centrifugation from the cyto- 
plasm of the liver cells of the rat, are entirely localized in the so called large 
granules. This point is of considerable importance since it indicates that, 
in the living cell itself, these cytochrome-linked enz 3 Tne systems are situated 
in corresponding cytoplasmic elements. 

The fact that the two enzyme systems under study are associated with 
insoluble components of the cell has been well known for many years and 
has been frequently alluded to in the literature both as a point of fimdamen- 
tal biological significance and as the primary reason that neither system is 
well understood. As early as 1913, Warburg (6) noted that the large 
granules were responsible for most of the oxygen uptake e.xhibited by cell- 
free extracts of guinea pig liver. Bensley and Hoerr (18) were able to 
separate the large granule fraction by means of centrifugation, and con- 
centrates thus obtained were shoAvn by Lazarow and Barron (8, 9) to possess 
succinoxidase activity. The latter investigators, however, were imahle to 
find any significant difference in the activity of two particulate fractions 
separated by differential centrifugation. Stern (7), working with heart 
muscle, demonstrated that particles 50 to 200 mju in diameter were associ- 
ated with both cytochrome oxidase and succino.xidase activity. In the 
present experiments the distribution of the cytochrome oxidase and succin- 
oxidase systems has been placed on a quantitative basis, and both systems 
have been shown to be associated, probably exclusively, rvith granules of a 
definite range of size. 

Problem of Cytological Identification of Particulate Frocimns— Although 
the exact nature of the large granules is still unsettled, microscopical 
observations indicate that in the present e.xperiments the large granule 
fraction consisted for the most part of those cytoplasmic inclusions known 
under the term imtochondria. Evidence for this view, which has been 
reviewed by Claude (12, 13), can be summarized as follows: Of the particu- 
late components present in the cytoplasm of the normal liver cell that can 
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be seen in either fixed or unfixed preparations, only mitochondria and secre- 
toiy granules possess a range in size comparable to that of isolated large 
granules. Particulate glycogen and microsomes, on the other hand, are of 
sufficiently smaller size to permit effective separation from the large gran- 
ules by differential centrifugation. The abundance of secretory granules 
in the intact liver ceU and, presumably, in the cytoplasmic e.xtract can be 
varied considerably by simple alteration of the food intake of the animal; 
vis., when the animals are fasted, secretory granules accumulate in great 
numbers in the liver cells, whereas in animals fed normally to the time of 
death the liver cells contain very few secretory granules. In the present 
e.xperiments with normal rats (Table I) the animals were given an ample 
supply of food, and the proportion of secretory granules present in the 
large granule fraction isolated by centrifugation was probably small. 

A possible objection to the belief that the large granule fraction consists 
for the most part of mitochondria is based on the observation that isolated 
large granules are uniformly spherical, whereas the mitochondria of liver 
cells are frequently elongated. It is well known, however, that injuries of 
various sorts to the cell will cause mitochondria to become spherical. 
This can be demonstrated, for example, by observing cultured cells under 
dark-field illumination as they rupture and their mitochondrial content 
disperses in an isotonic medium. 

It is, of coiHse, tempting to believe that the mitochondria of the living 
cell contain all of the cytochrome oxidase and succinoxidase present in the 
cytoplasm and therefore, that the mechanism by which molecular oxygen 
is utilized in the cytoplasm of the cell can be ascribed in large measure, if 
not entirely, to a definite morphological entity. Before this view can be 
definitely accepted, however, the relation between the large granules of 
the extract and mitochondria must be further clarified. 

Work from this laboratory has indicated that the microsome substance 
represents the chromophilic component of the ground substance of cyto- 
plasm (19). Centrifugation experiments (19) and electron microscope 
studies of cultured cells (20) and of sections of guinea pig liver (21) support 
the view that the microsome material exists in the cell in the form of 
particulate, submicroscopic rniits. The part played in the economy of the 
cell by the microsomes is at present unknown. 

Components of Succinoxidase System — A number of obsenntions, several 
of them already mentioned, have shown that the large granules can be 
affected by changes in the tonicity of the medium, probably through the 
existence of a limiting membrane, and that their disintegration in hypotonic 
media is accompanied by a rapid and pronounced loss in aerobic succinoxi- 
dase activity. By the use of the ferrieyanide method, it has been possible 
to follow more directly the changes affecting this cytochrome-linked enzyme 
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during disintegration of the granules. Thus, it was found that the anaero- 
bic succinic dehydrogenase activity was largely retained in a hypotonic 
medium even though the aerobic activity had almost disappeared (Table 
IV) and that the anaerobic activity could be reduced to low levels only by 
repeated washing of the granules in hypotonic medium. This apparent 
difference in stability is difficult to explain on the basis of the present data. 
It is suggested, however, that the sharp decline in aerobic activity with 
time may be largely a dilution phenomenon, whereby substances inter- 
mediate in the chain of hydrogen transfer between succinate and cyto- 
chrome c are released from the granules to such an extent that their con- 
centration relative to the cytochrome o.xidase system is reduced below a 
critical level. Such a dilution effect might be expected to occur more 
readily in a reaction dependent on cytochrome oxidase than in a reaction 
involving ferricyanide, since cytochrome oxidase is firmly bound to parti- 
culate material, whereas ferricyanide is present in solution in great excess. 

The data in Table IV also demonstrate the existence of a soluble com- 
ponent of the succinic dehydrogenase system, a finding which confirms 
experimental results reported previously (7, 22). More recently (23), it 
has been found that the intact succinic dehydrogenase system can be 
obtained in a soluble form through treatment of the large granules ivith 
acetone and subsequent extraction of the residue wth 0.01 M NaHCOj. 
Further studies dealing with the properties of the dehydrogenase mil be 
reported at a later date. 

Effect of p-Dimethyla7ninoazQbenzene on Succinoxidase Activity of Liver 
Fractions — ^The preliminary data presented in Table V indicate that the 
ingestion of p-dimethylaminoazobenzene over a period of less than 2 
months produces a considerable reduction in the succinoxidase content of 
the washed large granules but has little, if any, effect on the succinoxidase 
content of the liver extract. Although an explanation for this finding must 
aw'ait further experimentation, it seems possible that the large granules 
obtained from rats fed the carcinogenic substance were abnormally fragile 
and therefore allowed the escape during the washing procedure of an 
unusually large amount of a soluble component of the succinoxidase system. 

SUMMARY 

1. A study of the distribution of two enzyme systems, cytochrome oxi- 
dase and succinoxidase, in the cytoplasm of the liver cell of the rat has been 
presented. A liver extract, containing only cytoplasmic material and 
suitable for fractionation by differential centrifugation, was utilized as an 
experimental tool. 

2. Both enzyme systems were shown to be associated, probably exclu- 
sively, with sedimentable granules of a relatively large size (0.5 to 2 in 
diameter). A smaller sedimentable component (60 to 150 mjx in diameter), 
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wliich. was present in large amount in the liver extract, showed little, if any, 
en 2 yme activity and the remaining soluble material of the extract showed no 
activity. A number of observations suggested that the enzymatically active 
large granule fraction consisted chiefly of those cytoplasmic inclusions 
known as mitochondria. 

3. The large granules were markedly affected by changes in tonicity of 
the surrounding medium, their disintegration in hypotonic media being 
accompanied by a rapid and pronounced loss in aerobic succinoxidase 
activity. This decline in succinoxidase could not be explained either 
by loss of cytochrome oxidase activity, which remained at a high level, 
or, from the results of anaerobic determinations, by loss of succinic dehydro- 
genase itself. By repeated washing of the large granules in a hypotonic 
medium, it was possible, however, to reduce their anaerobic succinic 
dehydrogenase activity to a low level, apparently through the release of a 
soluble component of the enzyme system. 

4. The ingestion over a period of less than 2 months of the carcinogenic 
substance, p-dimethylaminoazobenzene, produced a reduction in the 
succinoxidase content of the large granules of rat liver. 
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THE STABILITY OF STREPTOMYCIN* 
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(From the Research Laboratories of Chas. Pfizer and Company, Inc., 
Brooklyn, New York) 

(Received for publication, May 1, 1946) 

The biological inactivatioa of streptomycin in acid and alkaline solution 
tvas first noted by Waksman and his coworkers (1). In a recent review, 
Waksman and Schatz (2) reported that solutions of crude streptomycin 
maintained their original potency during 15 to 17 days at 37°, but at 100° 
about 50 per cent of the activity was lost in 10 minutes. However, the 
pH of the solutions was not indicated. Other investigators concerned with 
degradation studies have described the products obtained by acid and 
alkaline hydrolysis of streptomycin. Folkers et al. (3-5) and Carter et al. 
(6) have shown that, on acid hydrolysis, streptomycin is cleaved into two 
bade fractions, streptidine, l,3-diguanido-2,4,5,6-tetrahydroxycyclo- 
hexane (7, 8), and streptobiosamine. On acid hydrolyds the latter com- 
pound yields N-methyl-L-glucosamine (5), and an alkaline hydrolyds of 
streptidine yields streptamine, l,3-diamino-2,4,5,6-tetrahydroxycyclo- 
he.xane (7, 8). 

The rapid inactivation of streptomycin in n sodium hydroxide was indi- 
cated by Carter et al. (9). "When the hydrolysis of streptomycin hydro- 
chloride was carried out in N sodium hydroxide at 100° or for a longer period 
at 40°, a substance was isolated and characterized as maltol (10). 

The present investigations were carried out to determine the effect of pH 
and temperature on commercial and pure streptomycin sulfate. The 
ranges covered in these experiments are summarized in Table I. Although 
streptomycin in aqueous solution is sendtive to acids, bases, and heat, it 
has been found that its optimum stabifity lies between pH 3 and 7, at tem- 
peratures at or below 28°. 


EXPERllIEKTAL 

Materials and Method 

Preparation of Pure Streptomycin Sulfate — Commercial streptomycin hy- 
drochloride, 500 y per mg., was dissolved in methanol and treated with an 
excess of a methanol solution of calcium chloride. After evaporation in 
vacuo, the streptomycin hydrochloride-calcium chloride double salt was 
allowed to crystallize at room temperature. The crude double salt was 

• Presented before tbe Divirion of Medicinal Cbemiatry at the meeting of the 
Americaii Chemical Society at Atlantic City, April, 1948. 
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filtered and recrystallized from methanol. After drying it for 48 hours at 
25° and 30 li, 9.9 per cent methoxyl and 1.8 per cent water were found by 
the Karl Fischer reagent method. However, the double salt was converted 
to streptomycin sulfate and the aqueous solution was concentrated in vacuo 
to a low volume ; it was lyophilized and further dried at 26° and 50 n over 
barium oxide for 2 days; activity 860 y per mg. {Bacillus subtilis plate 
assays); [«]” = —79° (c, 1 in water). 

Anolysts— (C iiHjjN 70 ii)i'(HjS 04 )i 

Calculated. C 34.61, H 6.81, N 13.40, SO 4 19.78 
Found. “ 34.34, “ 6.02, “ 13.28, “ 19.50 


Table I 

Half Life of Pure Slreptomycin under Conditions of pH and Temperature (t in Hours) 


pH 

7 * 

28 * 

SO* 

«• 

0.8 

1200 

110 

8 


1.7 

Stable 

1500 

90 


2.7 

tt 

Stable 

990 


5.6 

U 

ft 

4600 

37 

7.0 

n 

tt 



8.6 

tt 

1100 

60 


9.5 

3000 

300 

28 


11.2 


16 


1 


Streptomycin sulfate (1.144 gm.) was dissolved in 75 ml. of water and 
cooled to 5°. The solution was treated with the calculated amount of 
0.420 N solution of barium hydroxide and immediately titrated mth 
0.1067 N sulfuric acid at 5°, tvith a glass electrode. AJl the readings were 
corrected for temperature. Approximate pK values were obtained from 
the mid-points of titration (Fig. 1) which occur at pH 4.5 and 9.5. 3 
equivalents of sulfuric acid were required for complete neutralization of 
the streptomycin. 

Two series of observations were made with use of (a) this pure strepto- 
mycin suKate and ( 6 ) commercial clinical streptomycin sulfate (Pfizer) 
(400 7 per mg.). Weighed quantities of both purified and partly purified 
materials were dissolved in solutions of the desired pH to give concentra- 
tions of approximately 1000 7 per ml. Streptomycin solutions of both 
series were stored in 100 ml. ground glass-stoppered volumetric flasks. A 
small quantity of toluene was added to each flask to prevent the growth 

‘ This assay was obtained by comparison with a standard related to the original 
Waksman standard. 
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of microorganisms. The solutions vrere then raised to the deared tem- 
perature and a zero time sample {in duplicate) was withdrawn with a 
calibrated pipette. The samples for bioassay were transferred directly 
into phosphate buffers at pH 6.5 to retard inactivation of streptomycin. 

When no buffer is used in solutions of sodium hydroxide at pH 8 to 10, 
the alakali is consumed and the streptomycin loses potency at a decreasing 
rate with a corresponding drop in pH. In this work, streptomycin sulfate 



was dissolved in phosphate buffers in regions at and above pH 8. All 
the solutions were checked periodically with a Cambridge pH meter. 

The lowest temperature at which measurements were made was af- 
forded by a refrigerator at 7“ ± 0.3®. A constant temperature bath was 
used for the 28° and 50° observations and a well insulated electric oven 
was employed for the temperature at 95° i 0.2°. 

Assays — The plate assays were carried out e^ntially by the method 
of Schmidt and Moyer (11) which was used for penicillin, but with the 
following exceptions: (a) The medium used was Difco Bacto-streptomy- 
cin assay agar, originally employed by Skell (unpublished) for the assay 
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of streptotiiricin; (6) Bacillus auUilia, American Type Culture Collection 
No. 9524, was used as the test organism; (c) a 1 per cent phosphate buffer 
at pH 7.9 to 8.0 was used. 

Turbidimetric values were obtained by a modification of the method of 
McMahan (12) for penicillin assays. The test culture employed was a 
strain of Escherichia coli supplied by Dr. S. A, Waksman. 

The Bacillus suhtilis cylinder plate method gave more precise assays 
with less deviation than the Escherichia coli turbidimetric method through- 
out the whole course of these studies; consequently only Bacillus sublilis 
assay values were used to calculate the velocity constants of inactivation. 



Tine— DAYS 

Fig. 2. Inactivation of commercial streptomycin with time at pH 6.6. Curve 1 
at 60“; Curve 2, at 95“. Bacillus sublilis plate assay. Ordinate, streptomycin in 
ihicrograma per ml. 


Results 

Conditions of Stability — ^There appears to be no inactivation of either pure 
streptomycin sulfate or of commercial streptomycin (400 y per mg.) at 
concentrations of appro.ximately 1000 y per ml. during at least 60 days in 
the range of pH 3 to 7 at 7° and 28°. 

Inactivation at Elevated Temperatures — ^Whereas streptomycin solutions 
are relatively stable in the range of pH 3 to 7 at or below room tempera- 
ture, the rate of inactivation of commercial streptomycin becomes appre- 
ciable at more elevated temperatures, as is shown in Fig. 2. At 50° and 
pH 6.6 about 33 per cent of a sample of partially purified streptomycin was 
destroyed at the end of 15 days. More drastic decomposition took place at 
95°, at which 50 per cent of the streptomycin was destroyed in 4.5 hours. 
Solutions of the pure normal salt of streptomycin sulfate (pH 5.5) at similar 
concentrations (1000 y per mi.) are more stable at these temperatures, as 
is shown in Fig. 3. 

Inactivation by Acid — ^The acid hydrolysis of streptomycin into the two 
basic fractions streptidine and streptobiosamine below pH 2 was found to 
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be a pseudoimimolecular reaction by application of tbe first order equation, 



•where Co is the initial concentration of streptomycin and c is the decrease 


I500J 



Via. 3. Inactivation of pure atreptomycin sulfate (pH 5.5) with time at SO", CJurve 
1, and at 93“, Curve 2. Bacillus subtilts plate assay. Ordinate, streptomycin in 
micrograms per ml. 



Fro. 4. Hydrolysis of atreptomycin with time at 28“. Curve 1, partially purified 
streptomycin at pH 1; Curve 2, partially purified streptomycin at pH 2; Curve 3, 
pure atreptomycin at pH 1.7; Curve 4, pure streptomycin at pH 0.95; Ouve 5, pure 
streptomycin at pH 0.S0. Ordinate, streptomycin in micrograms per ml. 

after a lapse of time, /. When the concentration of streptomycin is plotted 
against time, exponential curves are obtained -which when plotted on semi- 
logarithmic paper produce straight lines (within experimental errors), as 
is sho'wn in Figs. 4 and 5. The velocity constants Qi homr*^) of inacti-va- 
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tion of partially purified streptomycin sulfate (400 7 per mg.) at concentra- 
tions of about 1000 7 per ml. and at pH 1.0 were found to be 0.0025 at 28“ 
and 0.040 at 50°; at pH 2.0, 0.00043 at 28°, and 0.0043 at 50°. For the 
purified material at pH 0.8 k hour-* was found to be 0.00056 at 7°, O.OOG5 at 
28°, and 0.090 at 50°; at pH 1.7, 0.00045 at 28° and 0.0080 at 50°; at pH 2.7, 
0.0007 at 50°. The rate of hydrolysis in acids is essentially the same for 
pure and partially purified streptomycin. 

Inactivation by Alkali — ^The inactivation studies in the alkaline region 
were carried out in buffers in the range of pH 8.0 to 11.4 between 7° and 50°. 



Fig. 5. Hydrolysis of streptomycin with time at 50°. Curve 1, partially purified 
streptomycin at pH 1; Curve 2, partially purified streptomycin at pH 2; Curve 3, 
pure streptomycin at pH 2.7; Curve 4, pure streptomycin at pH 0.8; Curve 6, pure 
streptomycin at pH 1.7. Ordinate, streptomycin in micrograms per ml. 

The pH of these solutions remained constant during the course of the obser- 
vations. The velocity constants obtained by alkali inactivation on dif- 
ferent samples of commercial streptomycin sulfate were not reproducible; 
however, when the concentration of pure streptomycin is plotted against 
time, the curves in the alkaline range are similar to those obtained in acid 
medium. The data fall on a straight line when they are plotted on semi- 
logarithmic paper (Fig. 6). The reaction rate constants calculated from 
the first order equation (No. 1) in the alkaline range for purified material 
k hour-1, ^vas found to be, at pH 8.6, 0.00065 at 28°; at pH 9.5, 0.00023 at 
7°, 0.0023 at 28°, and 0.024 at 50°; at pH 11.2, 0.044 at 28°. 

A more complete summary of the data obtained in this work is given in 
Table I where the half life of purified streptomycin under conditions of 
pH and temperatiure is indicated. 
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StaMiiy of Dry Slreptomydn Sails — Salts of commercial streptomycin 
containing less than 1 per cent moisture have been shown to be stable at 
or below room temperature over long periods of time. No drop in potency 
has been noted in material which has been at laboratory temperature for 
1 year. Some recent observations were made on both streptomycin hydro- 



Fio. 6. Inactivation of pure streptomycin with time. Curve 1, 7°, pH 9.5; Curve 
2, 28°, pH 8.6; Curve 3, 28°, pH 9.5; Curve 4, 28°, pH 11.2; Cu^e 5, 50°, pH 8.6; 
Curve 6, 50°, pH 9.5. Ordinate, streptomycin in micrograma per ml. 


Tabls n 

Slabiliiy of Dry SlTeyiomycia Salla; Bacillus subtilis Plate Assay 


Strep tosijrdn 

Per cent 
zzolstore 

Origisal 

potency 






ytermg. 

V Pit hX- 

T #“• •■X- 

T P<r BX- 

Hydrochloride 

0.S6 

249 

238 

245 

343 

Sulfate 

0.68 

393 

403 

40o 

387 

I( 

0.89 

391 

376 

384 

366 


chloride and sulfate at 50° for a period of 10 weeks. These stability data 
are given in Table II. 


SIJIIMABY 

The most favorable conditions for the stability of solutions of strepto- 
mycin are at temperatures at or below 28° and between pH 3 and 7. Inac- 
tivation takes place outside of this range; namely, below pH 3 and above 
pH 8. The velocity constants of inactivation have been determined in 
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both acid and alkaline regions and the reactions have been found to be 
irreversible and first order. In the acid region the velocity constants of 
the partially purified material are essentially the same as for pure strepto- 
mycin. Heat greatly increases the rate of decomposition over the whole 
pH scale. 

Relatively dry neutral salts of streptomycin are stable at 50° over long 
periods. 

The authors msh to thank Mr. J. R. McMahan for the microbiological 
assays and Mr. F. H. Hedger for the data on the dry salts of streptomycin. 

BIBIilOGRAPHY 

1. Wakaman, S. A., Bugie, E., and Schatz, A., Proc. Staff Meetings Mayo Clin., 19, 

637 (1944). 

2. Waksman, S. A., and Schatz, A., J. Am. Pharm. Assn., 34, 273 (1945). 

3. Brink, N. G., Kuehl, F. A., Jr., and Folkers, K., Science, 102, 506 (1945). 

4. Peck, R. L., Graber, R. P., Walti, A., Peel, E. W., Hoffhine, C. E., Jr., and 

Folkera, K., J. An. Chem. Soc., 68, 29 (1946). 

5. Kuehl, F. A., Jr., Flynn, E. H., Holly, F. W., Mozingo, R., and Folkera, K., 

J. Am. Chem, Sac., 68, 636 (1946). 

6. Carter, H, E., Clark, R. K., Jr., Dickman, S. R., Loo, Y. H., Meek, J. S., Skell, 

P. S., Strong, W. A., Alberi, J. T., Bartz, Q. U., Binkley, S. B., Crooks, H. M., 
Jr., Hooper, I. R., and Rebstock, M. C., Science, 103, 53 (1946). 

7. 'Peck, R. L., HoShine, C. E., Jr., Peel, E. W., Graber, R. P., Holly, F. W., Moz- 

ingo, R., and Folkera, K., J. Am. Chem. Soc., 68, 776 (1946). 

8. Carter, H. E., Clark, R. K., Jr., Dickman, S. R., Loo, Y. H., Skell, P. S., and 

Strong, W. A., Science, 103, 540 (1946). 

9. Carter, H. E., Clark, R. K., Jr., Dickman, S. R., Loo, Y. H., Skell, P. S., and 

Strong, W. A., J. Biol. Chem., 160. 337 (1945). 

10. Schenck, J. R., and Spielman, M. A., J. Am. Chem. Soc., 67, 2276 (1945). 

11. Schmidt, W. H., and Moyer, A. J., J. Bad., 47, 199 (1944). 

12. McMahan, J. R., J. Biol. Chem., 163, 249 (1944). 



A FURTHER INVESTIGATION OF THE ROLE OF BETAINE IN 
TRANSMETHYLATION REACTIONS IN ^T\’’0* 

Bt VINCENT DU VIGNEAXJD, SOFL\ SINIMONDS, JOSEPH P. CHANDLER. 

AND MILDRED COHN 
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(Received for publication, July 22, 1946) 

The fact that betaine is so far the only N-methyl compound, other than 
choline, which is capable of supporting growth on a homocystine diet (1), 
has led us to investigate further its role in transmethylation. The meta- 
bolic fate of the methyl groups and the glycine portion of the molecule have 
been simultaneously followed by labeling the methyl groups with deuterium 
and the glycine moiety with N“. 

Two growing rats were fed isotopic betaine chloride (55 mg. per rat daily) 
on an otherwise methyl-free diet for 2 weeks. Choline and creatine were 
isolated from the tissues and their deuterium and N'* concentrations were 
determined. Glycine and glutamic acid were also isolated from the tissue 
proteins for the determination of their N‘* concentrations. 

At the end of the experimental period, more than 40 per cent of the 
methyl groups of choline and more than 25 per cent of the methyl groups 
of creatine had been derived from the betaine fed. On the other hand, 
only 0.5 per cent of the nitrogen of these compounds had been derived from 
the dietary betaine. In fact, the N*^ concentration of isolated glycine 
from the tissue proteins was about twice as high as that of the isolated 
choline and creatine. 

"When deuteriodimethylglycine was fed to growing rats in amounts 
equivalent in methyl groups to 55 mg. of betaine chloride for a period of 
3 weeks, the amount of deuterium which appeared in the methyl groups 
of choline and creatine was negli^ble. It was less than 10 per cent of the 
amoimt which resulted after a 2 week feeding of betaine. Confirmatory 
evidence of the ineflSciency of dimethylglycine as a methyl donor was 
obtained by testing its ability to prevent the formation of hemorrhagic 
kidneys. It proved to be completely inactive in this respect. 

EXPERIMEXT.VL 

Synthesis of iV® Glycine — ^Isotopic glycine was sjmthesized from chloro- 
acetic acid and aimnonium carbonate in a manner similar to that described 

* The authors wish to thank the Nutrition Foundation, Inc., for the research grant 
which has aided this work. 
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for the preparation of glycine by Cheronis and Spitzmueller (2)', Since 
the was available in the form of ammonium nitrate (N*‘H 4 N 03 ), it was 
necessary to convert the compound to ammonium carbonate. A con- 
centrated solution of 1.8 moles of the isotopic ammonium nitrate (approxi- 
mately 5 atom per cent excess in the ammonium N) was added dropwise 
into a distilling flask containing solid sodium hydroxide (1.8 moles). As 
is indicated in Fig. 1, a stream of nitrogen was passed through flask A which 
was warmed gently, and then the stream of gas was passed through a con- 



Fig. 1. Apparatus used in the preparation of N“ glycine 


denser into flask B containing 75 cc. of water cooled to 0°. The nitrogen 
stream was further led through trap C which contained sulfuric acid and 
was designed to absorb any ammonia which was not absorbed by the ivater 
in flask B. A stream of carbon dioxide was simultaneously passed through 
flask B until no further absorption took place, /liter all of the ammonium 
nitrate had been added, the solution in flask A was boiled until half the 
volume had been distilled. Flask B, containing the solution of ammonium 
carbonate, was then disconnected and 20 gm. of chloroacetic acid (approxi- 
mately 95 per cent pure) were added. The solution was allowed to stand 
for 24 hours at room temperature and then the excess ammonia was 
distilled into the sulfuric acid in trap C. The residual solution was treated 
•with norit, 200 cc. of methanol were added, and the solution -was allowed to 
stand in the refrigerator for 2 days. The crude product was filtered and 
suspended for 2 hours in 50 cc. of 90 per cent methanol. Upon filtration, 
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10.7 gDi. of product were obtained. The glycine was resuspended in 50 
cc. of 90 per cent methanol for 2 hours and filtered. The amoimt of 
glycine obtained was 9.9 gm. 

Calculated, N 18.7; found, N 18.5 

The recovery of the isotopic nitrogen was excellent; of the starting 
material, 75 per cent was recovered in the sulfuric acid solution as ammo- 
niiun sulfate which could be utilized directly in the repetition of this synthe- 
sis or in other preparations, 15 per cent in the methanol filtrates, and 8 per 
cent in the glycine itself. 

Synthesis of N^^-Deuteriobetaine Chloride {iCDj)iN^^ClCHiCOOH) — 1.7 
gm. of isotopic glycine were dissolved in 80 cc. of 2 n sodium hydroxide in a 
round bottom flask. .4fter the alkaline solution had been aerated for 1| 
hours to remove the small amount of ammonia which was present as a 
contaminant, 10 gm. of deuteriomethyl iodide (3) were added and the 
flask was stoppered securely. The reaction vessel was shaken in a water 
bath at 65-70“ until the methyl iodide layer had disappeared, and the 
solution was then allowed to remain at this temperature for 1 hour. 

The alkaline reaction mixture was cooled and, after acidification to 
Congo red with HCl, was treated with an aqueous solution of ammonium 
reineckate and allowed to remain in the refrigerator overnight in order to 
precipitate all the betaine as betaine reineckate. The betaine reineckate 
was filtered off, washed with dilute HCl, and dried in air for several hours. 
The salt was then dissolved in dilute NH<OH solution and was decomposed 
with AgiO, freshly prepared from 5.1 gm. of AgNOj. The silver reineckate 
was removed by filtration and was washed thoroughly with water. The 
combined filtrate and washings were heated to approximately 60“ and were 
aerated to remove the ammonia. The excess -A.g.0 which precipitated was 
removed by filtration, and the solution so obtained was concentrated in 
vacuo to a small volume which was then acidified with HCl. The -4gCl 
which precipitated was removed by filtration. The filtrate was then 
concentrated to dryness in vacuo. The residue was extracted repeatedly 
with a total of 200 cc. of boiling ateolute ethanol. Betaine chloride 
precipitated from the extract which had been allowed to stand in the 
refrigerator. The salt was filtered, and washed first with cold absolute 
ethanol and then with ether. 1.47 gm. of product were obtained. By 
concentration of the mother liquors, a second crop of 0.64 gm. was obtained. 

Elementary. Calculated,* N 8.70; found, N S.67 
Isotopic. Deuterium 61.9 i 0.6 atom % excess 
N*‘ 5.20 ± 0.003 atom % excess 


* All calculated values are based on increased molecular weight due to deuterium 
in the molecule. 
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Synthesis of Deuteriodhnethylglycinc {{CH 2 D) 2 NCH 2 COOH) — Glycine 
was methylated with formaldehyde and deuteriqformic acid by a method 
described by Clarke, Gillespie, and Weisshaus (4). Deuterioformic acid 
(DCOOD) was prepared by thermal decomposition of deuteriooxalic acid, 
(C00D)2, which had been prepared by exchange of anhydrous oxalic acid 
with DaO by the method used in the preparation of deuteriodimethyl- 
aminoethanol (5). From 55 gm. of oxalic acid, a yield of 20 gm. of formic 
acid, DCOOD, was obtained in 40 cc. of aqueous solution. 12 gm. of 
trioxymethylene were dissolved completely in the solution and then 12 gm. 
of glycine were added. The temperature was cautiously raised to the 
boiling point and the mixture Avas refluxed for 10 hours. After the re- 
action mixture had been cooled and acidified with HCl, the volatile com- 
pounds were removed by distillation. Water was added repeatedly and 
subsequently removed by distillation in order to replace all exchangeable 
deuterium from the dimethylglycine hydrochloride. The product was 
recrystallized twice from glacial acetic acid and was washed with acetone. 
6.7 gm. of dimethylglycine hydrochloride were obtained, m.p. 187° (un- 
corrected). 


Elementary. Calculated,* N 10.0; found, N 9.99 
Deuterium. 13.49 ± 0.10 atom % e.xcesa 

Feeding Ex-periments 

Feeding of Isotopic Betaine — A pair of young rats, one male and one 
female, weighing 71 and 59 gm. respectively, was used as experimental 
animals. Dm-ing the feeding period, the rats received ad libitum a syn- 
thetic choline-free diet in which homocystine was the only sulfur-contain- 
ing amino acid. The basal methyl-free diet had the following percentage 
composition; amino acid mixture 21.3 (6), salt mixture (Osborne and 
Mendel (7)) 4.0, agar 2.0, dextrin 25.7, sucrose 15.0, corn oil (Mazola) 30.0. 
To 98 parts of the basal diet Avere added 1.25 parts of dZ-homocystine and 
0.75 part of dextrin. The oil-soluble vitamins Avere included in the corn 
oil as previously described (6). 

The water-soluble Adtamins were administered in aqueous solution. 
Each rat received daily tAvo 0.5 cc. portions of a solution containing 0.01 
mg. each of thiamine chloride, pyridoxine hydrochloride, riboflavin, and 
nicotinic acid, 0.1 mg. of dZ-calcium pantothenate, and 12.5 mg. of choline- 
free ryzamin-B (1). 

Isotopic betaine chloride Avas fed at a level equivalent in methyl groups 
to 50 mg. of choline chloride per rat daily. Each rat, therefore, received 
55 mg. of isotopic betaine chloride neutralized Avith 20 mg. of NaHCOj per 
day in 1 cc. of the solution containing the Avater-soluble vitamins. 
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At the end of 2 weeks, the animals were sacrificed, and choline and 
creatine were isolated from the tissues (3). The isolated choline chloro- 
platinates and creatinine potassium picrates were analyzed for deuterium 
and Prior to the analyses for N“, the picric acid was removed from 
the creatinine potassium picrate by continuous extraction with ether. 

Choline cbloroplatinate 

Elementary. Rat 1746. Calculated,^ Pt 31.3; found, Pt 31.4 
“ 1747. “ “ 31.3; “ “ 31.3 

Isotopic. “ 1746. 22.0 i 0.4 atom % excess D; 0.105 rh 0.003 
atom % excess 

Rat 1747. 21.5 ± 0.2 atom % excess D; 0.OS9 i 0.003 
atom % excess N“ 

Creatimne potassium picrate 

Deuterium. Rat 1746. 5.51 ± 0.17 atom % excess 
“ 1747. 531 ±0.08 “ % “ 

Creatinine 

N“. Rat 1746. 0U72 ± 0.003 atom % excess 
“ 1747. 0.072 ±0.003 “ % “ 


Glycine and glutamic acid were also isolated from the combined tissue 
proteins. These amino acids were isolated from the tissues after they had 
been freed of fat in the course of the procedure for the isolation of choline 
and creatine. The fat-free tissues were extracted three times with cold 0.6 
per cent trichloroacetic acid. The proteins were then dried by washing 
first with boiling alcohol, then with ether, and finally were hydrolyzed in 
20 per cent hydrochloric acid. From the hydrolysate, glutamic acid was 
isolated as the hydrochloride (8). 


Glutamic acid hydrochloride 

Rat 1752. Calculated, N 7.63 

“ 1753. “ “ 7.63 

“ 1755. " " 7.63 

“ 1757. " " 7.63 


found, N 7.41 

" “ 7.64 

“ “ 7.46 

“ “ 7.67 


Glycine was precipitated from the protein hydrolysate as the trioxalato- 
chromiate and converted to carbobenzoxyglycine by the procedure de- 
scribed by Bergmann smd Niemann (9). 

Carbobenzoxyglycine 


Rat 1752. 

Calculated, N 6.70; 

found, N 6.41 

“ 1753. 

“ “ 6.70; 

“ “ 638 

“ 1754. 

“ “ 6.70; 

“ “ 6.62 

“ 1765. 

“ “ 6.70; 

“ “ 6.58 


The N'‘ concentrations of the isolated amino acids are given in Table I. 

Feeding of Deuleriodimethylglycine — One male ind one female rat, weigh- 
ing 65 and 59 gm. respectively, were fed deuteriodimethylglycine hydro- 
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chloride at a level equivalent in methyl groups to 50 mg. of choline chloride 
per rat daily. Each rat received daily 75 mg. of deuteriodimethylglycine 
hydrochloride neutralized with NaHCOa. It was found necessary to give 
this solution by stomach tube. The 1.25 per cent homocystine diet and 
the vitamin supplements were identical with those used in the preceding 
feeding experiment with isotopic betaine. 


Table I 

Feeding Experitnenia with Isotopic Betaine for 3 Week Period 
0.77 gm. of betaine chloride ingested. 


Rat No. 
aad sex 

Chance 
in body 
weight 

Compound isolated 

Deuterium 
in methyl 
group 

Per cent 
methyl groups 
derived from 
betaine 

Nu 

Per cent N 
derived from 
beuine 



W) 

M/C* X 100) 

(B) 

(B/D\ X 100) 


fm. 


at^ per cent 


atom per cent 




excess 


excess 


1746 9 

69-75 

Choline chloro- 

34.2 ±0.6 

41.5 ±0.7 

0.105 ±0.003 

2.02 ± 0.06 



platinate 
Creatinine K 

22.0 ±0.7 

26.7 ±0.8 

0.17t 

3.2t 



pi crate 
Glycine 



0.203 ± 0.003 

3.90 ±0.06 



Glutamic acid 



0.024 ± 0.003 

0.46 ± 0.06 

1747 o' 

71-89| 

Choline chloro- 

33.4 ±0.3 

40.5 ±0.4 

0.089 ± 0.003 

1.71 ±6.06 



platinate 
Creatinine K 

23.2 ±0.3 

28.2 ±0.4 

i 

0.17t 

3.2t 



picrate 

Glycine 



0.190 ±0.003 

3.66 ± 0.06 



Glutamic acid 



0.025 ± 0.003 

0.48 ± 0.06 


* C = 82.5 (atom per cent excess D in betaine methyl groups), 
t D = 6.20 (atom per cent excess N“ in betaine) . 

X Value for N“ in glycine moiety calculated from the observed value of total N of 
creatine (0.72 ± 0.003) on the basis of isotopic N distribution data of Bloch and 
Schoenheimer (10) obtained by feeding N'* glycine to growing rats. 


On the 11th day of the experimental period, the kidneys of both rats 
appeared to be enlarged and it was observed that the animals had lost 
weight rapidly during the preceding 4 day period. Therefore, a single 
dose of 25 mg. of choline chloride w'as administered to each animal on the 
11th day. On the 12th day, feeding of the experimental diet was resumed 
and was continued for the duration of the e.xperiment. The animals were 
sacrificed on the 21st day and autopsy revealed yellow blotches on the 
kidneys and indications of fatty degeneration of the liver in both rats. 
ChoUne and creatine were isolated in the usual marmer from the tissues and 
were analyzed for deuterium. 
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Choline chloroplatinate 

Elementary. Rat 1197. Calculated,^ Pt 31.7; found, Pt 32.2 
“ 1198. " “ 31.7; “ “ 31.7 

Deuterium. “ 1197. 0.63 ± 0.06 atom % excess D 
" 1198. 0.38 i 0.06 “ % " " 

Creatinine potassium picrate 

Deuterium. Rat 1197. 0.11 ± 0.05 atom % excess D 
“ 1198. 0.12 i 0.08 “ % “ “ 

The data from this experiment are summarized in Table 11. 

Effect of Dimethylglycine on Development of Hemorrhagic Kidneys — The 
procedures and diet used in this test have been described in a preceding 


Table II 

Feeding Experiment teilh Deulenodimethylglycine for S Week Period 
1.15 gm. of dimethylglycine ingested. 


Rat No. 
and sex 

Hj 

Choline isoUted 

Creatine isolated 

Deoterium in 
methyl groups 

U) 

Rer cent methT) 
groups derived frtsn 
dlmethylglydae 
U/B* X 100) 

Denteriom in 
methyl group 

iO 

Per cent methyl 
group derived iron 
dimethylglycine 
(C/B* X 100) 

B 

tm. 

65-60 

59-58 

Aica fer unt 

ncfit 

0.98 i 0.09 
0.59 d= 0.09 

4.4 ±0.4 
2.6 ±0.4 

ciM per utU 
eueix 

0.44 ±0.20 
0.48 ± 0.32 



• B = 22.5 (atom per cent excess D in methyl groups of dimethylglycine). 


paper (5). Two groups of eight rats were used; one group was kept on the 
basal diet (5) as controls, while the other group was given the basal diet 
supplemented by dimethylglycine at a level of 1 per cent of the diet. The 
changes in body weight, the average daily food consumption, and the 
incidence of hemorrhagic kidneys in each group are ^ven in Table III. 

DISCUSSION 

Betaine occurs in only very small amounts in animal tissues (11). How- 
ever, its activity as a labile methyl compound suggests that it may play an 
important role in the animal organism. Betaine, like choline, supports 
growth of young rats on homocystine diets (12), it is a lipotropic agent (13), 
and it prevents the development of hemorrhage kidneys (14). However, 
both grou-th tests (12) and hemorrhage kidney e-xperiments (14) have 
indicated a quantitative difference between betaine and choline. In the 
growth experiments (12) with young rats, this difference was seen prin- 
cipally in a delay of several days in the initiation of groivth following the 
administration of betaine to methyl-deficient animals. Once growth had 
started, there appeared to be no significant difference between the effective- 
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ness of betaine and that of choline as measured by growth rate.* On 
the other hand, the hemorrhage kidney experiments of Griffith and 
Mulford (14) indicated that, at low concentrations in the diet, betaine 
is only about one-third as effective as choline. From these results, they 
concluded that “either the three betaine methyls are poorly utilized or that 
only one of the three is a labile methyl.” 


Table III 

Effect of Dimelhylglycine on Development of Hemorrhagic Kidneys 
Average daily food intake per rat, 4.3 gm. 



Average body weight j 

Avers se 
kidney 
weight 

Incidence of renal lesions, 
No. of rats 


InttiAl 

6th day | 

8th day 


tm. 1 

tm. 

tm. 

rw. 1 


Dimethylglycine 
(8 rats) 

37.3 

49.6 

48.4* 

1.01* 

5 Severe 

2 Partial 

1 Normal 

Controls (8 rata) 

35.4 

1 

47.5 

46.3t 

0.98t 

5 Severe 

2 Partial 

1 Normal 


• Average for seven rats; one rat found dead on the morning of the 8th day. 
t Average for seven rats; one rat died on the 7th day. 


The experiments with deuteriobetaine have revealed betaine to be an 
extremely efficient methyl donor for the synthesis of choline and creatine. 
The rate at which methyl groups from dietary betaine appear in tissue 
choline is of the same order as the rate at which the methyl groups from 
dietary choline appear in tissue choline (15). It is evident from a com- 
parison of the deuteriomethyl and N“ contents of the tissue choline (Table 
I) that the nitrogen of betaine is not utilized directly in the conversion to 
choline. The nitrogen of betaine appears rapidly in the glycine of the 
tissue proteins. This observation is in agreement with the data of Stetten 
(8) who showed that the nitrogen of betaine finds its way to choline by way 
of glycine and aminoethanol. Stetten’s experimental results taken in con- 
jimction with our earlier findings that the methyl groups of betaine could 
be utilized in transmethylation led to the scheme presented by Stetten (8) 
wherein the methyl groups and the nitrogen of the betaine molecule arrive 
in the choline by different reaction paths. The present experiments wth 
both the nitrogen and the methyl groups of betaine labeled offer direct 
proof of this scheme. 

* It should be noted that in the experiment with N» deuteriobetaine the test ani- 
mals had been growing on a diet containing adequate choline prior to the administra- 
tion of isotopic betaine, and that growth continued uninterrupted after the feeding of 
the isotopic compound was started. 
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The methyl groups of dietary methionine appear more rapidly in creatine 
(3) than do those of dietary betaine. Borsook and DubnoS have foimd 
that methionine (16) can serve as a methyl donor in the enzymatic sj-nthe- 
sis in vilro of creatine from guanidoacetic acid, but that choline can function 
in this system only in the presence of homocystine (17). Thus, it may well 
be that the transfer of methyl groups from choline and also betmne to 
creatine involves transmethylation first to methionine and then either 
directly or through one or more intermediary steps to creatine. 

In contrast to betaine, dimethylglycine proved to be a very poor source 
of labile methyl groups for choline and creatine. The relative ineflSciency 
of dimethylglycine as a methyl donor was foreshadowed by its inabdity-to 
support growth of young rata on an otherwise methyl-free, homocj'stine- 
containing diet (18). As is shown in Table 11, over a period of 3 weeks the 
deuteriodimethylglycine provided only a very small percentage, about 3.5, 
of the methyl groups of choline and an even smaller percentage, about 2, 
of those of creatine. Nevertheless, in view of the ob3en,-ation that dime- 
thylglycine not only fails to support growth of rats on homocystine diets 
(18), but also does not prevent the development of hemorrhagic kidneys, it 
is of interest that some transmethylation apparently did take place. It 
is likely that the amount of transmethylation that does occur is much too 
small to prevent the development of renal lesions. From these data, it 
also appears that dimethylglycine is not appreciably converted to betaine. 

STJiniART 

Betaine labeled with deuteriomethyl groups and was synthesized and 
fed to growing rats. Isotopic analyses of the choline and creatine isolated 
from the rat tissues showed betaine to be an extremely effective methyl 
donor. Methyl groups from dietary betaine appear in tissue choline 
almost as rapidly as they appear from dietarj' deuteriocholine. The dispar- 
ity in amounts of N“ and of deuterium foimd in the tissue demonstrates 
conclusively that the betaine molecide is not converted as a whole to 
choline. 

Dimethylglycine containing deuterium in the methyl groups was fed to 
young rats. Transmethylation from this compound to choline and to 
creatine occurred to only a very small degree. Dimethj’lglycine also was 
tested for its actmty in preventing the development of renal lesions and 
was foimd to be without effect. 

The authors wish to thank Dr. D. Rittenberg and IMr. I. Sucher of the 
Department of Biochemistry, College of Phj’sicians and Surgeons, Colum- 
bia University, for the N** analyses carried out in connection with this 
investigation, and Dr. J. R. Rachele of this laboratory for the elementary 
analyses. 
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THE PYMDOXINE CONTENT OF TISSUES OF K\T3 FED 
VARIOUS DIETS 

By E. C. SHEPPAEB and E. W. McHENBY 
(From the School of Hygiene, Univeraity of Toronto, Toronto, Canada) 

(Received for publication, July 10, 1&46) 

In 1941 McHenry and Gavin (1) reported that p 3 Tidoxine was necessary 
for the synthesis of fat from protein in rats and suggested that pyridoxine 
was essential for the metabolism of protein. The observations of Bern- 
hard, Steinhauser, and Matthey (2) were in agreement. Clerecedo and 
Foy (3) found that pyrido.xine deficiency in rats could be accelerated in 
onset and increased in severity by maintenance of the animals on a high 
protein diet. More conclusive proof of the relation of pyridoxine to 
protein metabolism has been obtained recently by the observations of 
Schlenk and SneU (4), and of Gunsalus el al. (5), relating the vitamin to 
enzyme systems. 

It seemed advantageous to study pyridoxine retention in rats fed various 
diets in order further to ascertain the relation of the vitamin to inter- 
mediary metabolism. Mitchell and Isbell (6) determined the pyrido.xine 
content of normal rat tissues, but not in relation to diet. Wright el al. (7) 
found that the concentration of pyridoxine in normal rats was greatest in 
the liver and kidney, and also concluded that the amount in anj' tissue 
was relatively constant if the animal had been fed a reasonably adequate 
diet. Results reported below offer a modified interpretation. 

Method 

All anima ls used were albino rats of the Wistar strain, raised in the 
colony of the Connaught Medical Research Laboratories. They were 
housed in individual, screen bottom cages and were provided with water 
and food ad libitum. Details of diet are given for each experiment. All 
diets contained vitamins A and D in adequate amounts; B vitamin supple- 
ments were administered by subcutaneous injection in amounts noted else- 
where. In all cases young rats having initial weights of 70 to 100 gm. 
were used. One-half of each experimental group was male, the other half 
female, and no attempt was made to measure the effect of sex upon vita- 
min content. 

At the conclusion of the feeding e.xperiments the rats were killed by 
stunning and the pyridoxine content of tissues was determined by the 
microbiological procedure of Atkin, Schultz, Williams, and Frey (8). This 
method ^ves the total amount of pyridoxine, pyridoxal, and pyridoxamine 

&t9 
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present, calculated as pyridoxine hydrochloride, and was found to be, as 
judged by recovery experiments, sufficiently accurate. 

EXPERIMENTAL 

To study the effects of varying proportions of dietary carbohydrate, fat, 
and protein, three types of diets w'ere used. The compositions of the 
three diets are given in Table I. 

Table I 


Com-posilion of Diets, Per Cent 



Carbohydrate 

diet 

Fat diet 

Fcoteia diet 


8-1 

54 

0 


10 

10 

96 


0 

20 

0 

Corn oil 

0 

10 

0 

Agar 

2 

2 

0 

Salt mixture* 

4 

4 

4 

Cod liver oil concentrate 

0.015 

0.015 

0.015 





*(Steaabock-Nelaon, Salts 40). 


Table II 

Average Pyridoxine Content of Rat Tissues 


Pietary treatment 

Pyridoxine content, y per gm. wet tissue 

Liver 

Kidney 

Musde 

Carbohydrate diet plus vitamin 

7.5 

9.4 

6.8 

“ “ minus “ Bj 

5.1 

4.9 

4.1 

Fat diet plus vitamin Bj 

7.0 

7.1 

6.4 

“ “ minus “ Bj 

5.6 

3.3 

4.2 

Protein diet plus vitamin Bj 

15.5 

7.0 

6.2 

“ “ minus “ Bj 

5.8 

4.3 



1 


Six groups of rats, nine to twelve animals in each group, were used. 
Two groups were placed on each diet and rats in one of each such group 
were given 40 7 of pyridoxine hydrochloride per day by injection. Rats 
in the other group on each diet received no pyridoxine. All rats were 
given 25 7 of thiamine chloride, 100 7 of calcium pantothenate, 25 7 of 
riboflavin, 100 7 of niacin, and 10 mg. of choline chloride per rat per day. 
Animals were thus maintained for 21 days. 

Data regarding the average pyridoxine content of liver, kidney, and leg 
muscle are given in Table II. As would be expected, the amount in tissues 
of rats not given pyridoxine is less than in animnls receiving the vitamin. 














E. C. SHEPPAHD AND E. W. MCHENRY 


651 


The greatest difference in concentration was observed in rats supplied with 
pyridoxine and a high protein diet. In this case the concentration in the 
liver was increased markedly. 

In rats maintained on an intermediate, and more normal, level of protein, 
the average concentration of pyridoxine in the liver was found to be 10.6 7 
per gm. The diet used was fox chow (Toronto Elevators) and it contained 
20 per cent protein. The average supply of protein and of pyridoxine 
secured per rat per day was approximately the same as in Experiment 1. 
As judged from three values (those obtained in Experiments 1 and 2), there 
seems to be a linear relation between the proportion of protein in the diets 
and the pyridoxine storage in the livers of rats given the vitamin. 

To determine whether the pyridoxine content of liver and kidney could 
be altered by supplying increasing amounts of the vitamin to groups of 
rats maintained on a constant protein intake, four groups of animals ■with 
the same average initial weight were kept on a diet of fo.x chow for 3 weeks. 
The total average amounts of pyridoxine obtained by rats in each of the 
four groups were 60, 68, 88, and 2060 7 per rat per day. Average food 
intakes for each group were about the same and the weight gains of the 
four groups showed no significant difference. The pyridoxine content of 
the livers and of the kidneys was not significantly different for the four 
groups and was .s imila r to the value reported in E.xperiment 2. The 
administration of a large excess of pyridoxine caused no increased storage 
in the two tissues. 

Because of the results in the first three experiments, it was decided to 
conduct a series in which the effects of two variables (protein proportion in 
the diet and pyrido.xine intake) could be compared. For this purpose 
forty male and forty female rats were randomly dirided into twenty groups 
of four a nimals each. Four diets were employed. These had constant 
amounts of four constituents (com oil 10 per cent, agar 2 per cent, salt 
mixture 4 per cent,^ and cod liver oil concentrate 0.015 per cent). Varj-ing 
quantities of casein and sucrose were included. The percentages of casein 
Mere 10, 20, 40, and 80, and of sucrose 74, 64, 44, and 4. Five groups of 
rats vere maintained on each diet and the pyridoxine intake varied for the 
five groups as follows: 0, 25, 50, 100, and 200 7 per rat per day. Con- 
sequently, there Viere five levels of pyridoxine intake for each diet and 
there Mere four types of diet for each level of pyridoxine supply. Animals 
v.ere maintained on the rp gim p.n for 3 weeks. They ■v\ere then killed and 
the pjrridoxine content of each liver was determined. The results are 
given in Table m. 

Weight increases, sho-svn in Table IV, were e.xamined statistically. There 
was no significant difference between the average weight changes of groups 

‘Steenbock, H., and Nelson, E. M., J. Biol. Chem., 66, 362 (1923). 
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receiving 20 and 40 per cent protein at any one level of pyridoxine intake, 
and at these protein levels the average weight changes were about the same 
for all groups which received pyridoxine, although weight increases of rats 
without pyridoxine were significantly less. Rats on an 80 per cent protein 
diet showed about the same weight changes as did those on a 10 per cent 
level, regardless of the pyridoxine supply, and such changes were less than 
those shown by animals on intermediate proportions of protein. 


Table III 


Pyridoxine Content of Rat Livers in Experiment 4, Micrograms per Gm. of Wet Tism 


Pyridoxine hydrochloride 


Frotein in diet 


intatc, y per rat 
pet day 





10 per cent 

20 per cent 

40 per cent 

80 per cent 

0 

5.33 

4.70 

6.00 

4.10 


3.97 

4.06 

6.53 

4.11 


3.53 

6.01 

6.89 

3.98 


4.66 

2.98 

6.06 

3.9 S 

25 

6.64 

12.06 

11.65 

13.26 


7.78 

5.97 

10.04 

11.64 


8.86 

20.94 

11.62 

15.64 


16.83 

6.96 

9.42 

14.32 

60 

10.80 

12.29 

7.90 

10.60 


8.76 

11.51 

8.83 

14.16 


8.59 

10.24 

17.18 

22.19 


9.44 

11.34 

13.07 

21.47 

100 

10.87 

7.62 

4.83 

12.20 


6.85 

10.77 

13.94 

15.88 


11.66 

14.41 

18.86 1 

21.48 


8.69 

12.92 

16.70 

18.48 

200 

13.25 

14.47 

4.93 

20.30 


10.94 

19.43 

13.25 

27.78 


6.82 

12.42 

11.15 

19.20 


7.74 

3.70 j 

12.14 

16.72 


An analysis of variance of the pyridoxine content of the liver due to 
various intakes of pyridoxine was made. The pyridoxine content of the 
livers of animals not receiving pyridoxine was significantly less than all 
other values. For all other values there was shown to be a significant 
variation due to protein intake, but not to the dosage of pyridoxine. The 
variation due to protein proportion in the diet was linear, confirming the 
indication obtained in Experiments 1 and 2. 

To determine the effect of subsistence on a diet devoid of protein, twelve 
male and twelve female rats were randomly divided into two groups, one 
of which received 40 y of pyridoxine per rat per day, while pyridoxine was 
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not supplied to the other group. All animals were given the following diet ; 
sucrose 77, lard 10, com oil 7, salt mLvture 4,‘ agar 2, and cod liver oil con- 
centrate 0.015 per cent. 

All animals received the B vitamin supplements recorded in the descrip- 
tion of Experiment 1. The regimen was continued for 2 weeks, when the 
flnimftls were killed. 

There was no significant difference in weight gains between the two 
groups. The group which received pyridoxine had an average liver content 
of 7.1 7 per gm. of wet tissue, while in the other group the average liver 
pyridoxine was 5.5 y. The difference between the two groups was found 
to be significant at the 5 per cent level. The liver content was in good 
agreement with values predicted from the relations between liver content, 
pyridoxine, and protein intakes, found in Exiieriment 4. 


Table IV 

Average Weight (Gm.) Increases of Rats in Experiment i 


Fyndoxine hydrochloride 
i&UhCi y per nt 
per diy 

Ffolela in diet 

10 per cent 

20 per ceat 

40 per cent 

SO per cent 

0 

20 

142 

143 

65 

25 

132 

279 

275 

135 

50 

120 

283 

287 

135 

100 

131 

297 

271 

87 

200 

162 

2S3 

283 

99 


DISCUSSION 

The experimental data indicate that in rats to which an external source 
of pyrido.xine is not available for 3 weeks the residual concentration in the 
liver, kidney, and leg muscle is independent of the protein intake. If there 
is a dietary supply of pyrido.xine, the concentration in the liver increases in 
direct proportion to the percentage of protein in the diet. The pyrido.xine 
content of the liver can be increased by increasing the pyrido.xine intake up 
to 25 7 per rat per day, if the percentage of protein in the diet re mains 
constant; it can also be increased by increasing the proportion of protein in 
the diet, if the intake of p 3 'ridoxine is constant. On all levels of protein 
proportion which were tried up to 80 per cent of the diet, 25 y of pyridoxine 
per rat per day appeared to be sufficient to give a liver concentration which 
was maximal for a particular protein supply. 

When the supply of protein is in the range generally used in feeding 
experiments (10 to 20 per cent of the diet), the liver concentration of 
pyridoxine is not greatly different for different diets and, in this limited 
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respect, the present results are in agreement with the general conclusion of 
Wright el al. (7) that the diet had little effect. 

When rats are deprived of pyridoxine for 3 weeks, concentrations in the 
liver, kidney, and leg muscle are approximately equal. Prior to the 
experimental work it was assumed that subsistence on a high protein diet 
would cause a greater depletion of the pyrido.xine content of the tissues 
because of a need for pyridoxine in the catabolism of amino acids. Such 
was not the case, but the feeding of a high protein diet caused a large 
increase in liver pyrido.xine when the vitamin was supplied. In these 
observations the only marked difference between rats supplied and not 
supplied with pyrido.xine was seen in the animals on a high protein diet. 

Several inferences could be dra^vn from the results of the above experi- 
ments. Apparently, an increase in dietary protein causes a greater storage 
of pyrido.xine in the liver. It could be suggested that the augmented 
storage is caused by an increased need for pyridoxine in the liver to care 
for a greater volume of amino acid catabolism. This suggestion is in ac- 
cordance with the various observations relating pyrido.xine to protein cata- 
bolism. Another inference is that, in studies of pyridoxine fimction, it 
would be advantageous to compare tissues of rats with and mthout pyri- 
doxine, fed on a diet rich in protein. Such studies might advance more 
rapidly knowledge of the mechanism of pyrido.xine action. 

The independence of tissue concentration to intakes of pyrido.xine 
hydrochloride greater than 25 y per day indicates that the requirement of 
rats for this vitamin is less than this amount. Dimick and SchrefSer (9) 
found that rat requirement on a diet containing 27 per cent protein was 10 y 
per day. 


SUMMARY 

The concentration of pyridoxine in rat liver appears to be independent 
of pyridoxine supply when the intake is greater than 25 y per day, but is 
directly proportional to the percentage of protein in the diet. The liver 
content of pyrido.xine can be significantly increased by supplying the vita- 
min to rats maintained on a high protein diet. The result offers a helpful 
approach to a study of pyrido.xme function. 

This im'estigation was greatly aided by a grant from the Nutrition 
Foundation, Inc. 
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PHOSPHORUS COMPOUNDS IN THE GASTROCNEMH^ 
MUSCLES OF SCORBUTIC GUINEA PIGS 

Bt S. U. HORVATH* and D. TEBBE 

(.From the Fatigue Laboralory, Hartard University, and the Surgical Research 

Laboratory, Boston City Bospital, Boston) 

(Received for publication, April 25, 1946) 

Scurvy is cliaracterized by languor and incapacity for work. 'Wbetber 
these symptoms are consequences of inanition or due to some metabolic 
defect is not known. The possible r61e of ascorbic acid in the general 
problem of fatigue has only recently received notice. Brack (4) has 
reported that additions of ascorbic acid delay the onset of fatigue of isolated 
muscle for several hours. According to Basu and Ray (2), on the baas 
of their studies with the finger ergometer, the contractibility of a muscle 
and its fatigability depend on the condition of its saturation with vitamin C. 
Additional studies on isolated muscle suggested that vitamin C augments 
contraction, brings about quicker relaxation, and delays the onset of 
fatigue (1). Crandon et al. (5) in their comprehensive study of a subject 
on a vitamin C-deficient diet for 6 months showed that, while there was p 
definite inability to perform aerobic work, the capacity for anaerobic work 
was imdiminished. 

Giri’s report (7) that ascorbic acid is one of the substances in ti^e 
which plays an important r61e in the regulation of the activity of tissue 
phosphates suggests that the phosphorus compounds involved in muscular 
contraction may be involved in the ready fatigability of scorbutic in- 
dividuals. Furthermore, Berg (3) has shown that vitamin C prevents or 
hinders the reduction of adenyltriphosphoric acid observed in heart muscle 
following thyroxine administration. Several investigators (11, 12) have 
also reported a decreased phosphocreatine content in the muscle of guinea 
pigs in the terminal stages of vitamin C deficiency. However, no complete 
study of all the compoimds involved in muscular contraction during the 
development of scurvy has been made. In the course of other studies of 
vitamin C it was constantly noted that there was a fairly wide zone of 
latent deficiency in which there was a marked loss of body tone. 

It was felt that the investigation of phosphorus compounds during the 
entire stage of onset of scurvy might reveal physiolo^cal impairments re- 
sulting from a moderate deficiency not directly associated with the usual 
symptoms of a complete or more drastic vitamin deficiency. 

* Now at the Department of Physical Medicine, Graduate School of hfedicine. 
University of Pennsylvania, Philadelphia. 
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Methods 

Guinea pigs 6 to 7 weeks of age and weighing from 250 to 300 gm. were 
separated into small groups and housed in clean wire cages. The animals 
were fed a scorbutigenic diet suggested to us by Dr. 0. A. Bessey.i This 
diet was adequate in all respects and was capable of allowing not only 
growth but also normal reproductive activity. iVfter 2 weeks on this 
diet, when all animals were gaining weight, the ascorbic acid was deleted 
from the diet of some of the animals. Animals fed the scorbutigenic diet 
but no ascorbic acid invariably evidenced clinical signs of scurvy rvithin 20 
to 24 days by e.xtensive hemorrhages and fragility of the bones (15). His- 
tological confirmation of scurvy was obtained on the costal junctions of 
the ribs. 

Normal and scorbutic animals were sacrificed at intervals during a period 
of 32 days. The guinea pigs, after fasting for 12 hours, were anesthetissed 
with nembutal. A gastrocnenuus muscle was dissected free, leaving nerves 
and major blood vessels intact, and frozen in situ Avith carbon dioxide 
snow. The procedure of sampling this muscle and the description of 
methods employed for the determination of solids, nitrogen, creatine, gly- 
cogen, lactic acid, and various phosphate compounds have been given 
previously (9). Blood for determination of lactate, sugar, and ascorbic 
acid was obtained by cardiac puncture. Plasma ascorbic acid determi- 
nations were made by the macromethod of Mindlin and Butler (10). 

Results 

The data are presented in Tables I, II, and III. The results of analyses 
on the nine control animals (Table I) are presented individually to il- 
lustrate the extent of variability encountered in those substances for 
which analyses were performed. In general, the variations observed are of 
a relatively minor nature. 

Thirty-four guinea pigs were used in following the course of developing 
scurvy (Table II). Although the majority of the animals Avere sacrificed 
during the latter half of the period on the scorbutic diet, sufficient animals 
were used during the early period to give an indication of the degree of 
alteration occurring during the onset of scurvy. 

No changes in the concentrations of either muscle or blood lactates were 
noted at any time. During the first half of the dietary period the guinea 
pigs maintained their weight or even gained in weight. However, in the 
following days a rapid decrease in ryeight was noted, the average decrease 

* Scorbutigenic diet: soy bean, autoclaved, 36 per cent; rolled oats, 25 per cent; 
skim milk powder (cooked 3 hours), 20 per cent; alfalfa meal (cooked 3 hours), 8 
per cent; peanut oil, 5 per cent; CaCOj, 1 per cent; NaCl, 1 per cent ; brewers’ yeast, 
4 per cent; 2 ml. of cod liver oil to each animal per week, 30 mg. of ascorbic acid dis- 
solved in water and fed by dropper to each animal per week. 
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being approximately 17 per cent. Greater changes were observed 'in the 
latter stages. 

The total phosphorus in the gastrocnemius muscle decreased slightly 
but was not consistent (Table II). On the other hand the acid-soluble 
phosphates and various subportions of this fraction exhibited a striking 
change. In those animals maintained on the scorbutic diet up to 15 to 
16 days, the average concentration of acid-soluble phosphorus was similar 
to control values. From this time on the concentration diminished; the 


Table I 

Analyses of Gaslrocnemitts Muscle of Guinea Pig 
The phosphorus is expressed in mg. per 100 gm. of tissue. 
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average decrease for the animals during the last half of the scorbutic dietarj' 
period was approximately 21 per cent. This decrease was reflected in all 
of the components of this fraction in a somewhat proportionate manner. 
Phosphocreatine, adenosine triphosphate, and the barium-insoluble phos- 
phates also exhibited diminishing concentrations during the last 16 days 
on the diet, roughly averaging 25 per cent. The fall in hexose phosphate 
phosphorus was less marked and more irregular. 

The slight decrease in the solid matter of the gastrocnemius muscle 
was accompanied by a diminishing protein content. Muscle creatine de- 
creased roughly to the same e.xtent as the phosphocreatine phosphorus, 
indicating the close interrelationship of these two compounds. Glycogen 
was extremely variable but in the latter phases of the deficiency diet values 
above 400 mg. per cent were seldom observed. 

It must be emphasized that a constantly diminishing concentration of all 
the compounds determined was not observed. Individual variations were 
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Table H 


Analyses of Oaslrocnemius Muscle of Guinea Pig on Progressive Days 
of Scorbutic Diet 

The phosphorus is expressed in mg. per 100 gm. of tissue. 
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present and, while it was not possible to correlate this exactly with more 
obvious signs of the degree of deficiency, it appeared that some animals 
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were more resistant and did not develop scurvy to the same extent as other 
guinea pigs, which were on the diet for identical periods of time. 

The data presented in Table III were obtained from five guinea pigs 
which, on the 22nd day of the diet, exhibited clinical signs of scurvy. 
They were then given 100 mg. of ascorbic acid daily and sacrificed. The 
concentrations of glycogen acid-soluble phosphates and the subfractions 
only were determined. It appeared that ingestion of at least 500 mg. of 
ascorbic acid was necessary before changes in these compounds began to 
appear. The concentrations of creatine and phosphocreatine showed the 
most prompt retiun to normal values. Additional work is planned in an 
attempt to clarify this point. 

Table III 

Effects of Scorbutic Diet Follotced by Vitamin C on Guinea Pig Gastrocnemius Muscle 


.■Vn the values are expressed in mg. per 100 gm. of tissue. 100 mg. of ascorbic acid 
were given daily after the 22nd day on the deficient diet. 
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DISCUSSION 

During the first 16 days on the scorbutigenic diet, the gastrocnemius 
muscle showed only min or variations in the concentrations of the various 
compounds under study (Table 11). After this period of time we found 
diminished concentrations which continued to decrease at a rapid rate for 
the remainder of the test period. It was interesting that the guinea pigs 
began to lose weight during this same interval. Semistarvation, therefore, 
might be considered the factor mainl y responsible for the decreased con- 
centrations which occurred. However, tests conducted on animals which 
were placed on a submaximal dietary intake showed that this was not the 
case. These results will be reported in detail later. Nevertheless, it is 
significant that the first poative clinical evidence of scurvy began to ap- 
pear after the first 16 days on a scorbutigenic diet and correlates very well 
with the changes in those compounds that were found to be diminished 
during the final stages of scurvy. 

Although the increase in the water content of muscle was not very large, 
it was quite consistent and tends to confirm the findings of Doi (6) and of 
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Sheppard and McHenry (13). This latter group of investigators had 
also reported decreases in the protein content of the enthe carcass of ap- 
proximately the same magnitude observed to occur in the gastrocnemius 
muscle of the guinea pigs in this study. The concentrations of glycogen, 
phosphocreatine, creatine, adenosine triphosphate, and a number of other 
acid-soluble phosphorus compounds were reduced. Since all of these 
compounds are involved in one way or another in the complex reactions 
occurring during muscular contraction, their simultaneous reduction in the 
scorbutigenic state is highly significant. 

Several authors (8, 11, 12, 14), working on guinea pigs in the terminal 
stages of vitamin C deficiency, have reported decreases of large magnitude 
in the phosphocreatine content of the muscles. However, these reduced 
values were accompanied by large increases in either lactic acid or in in- 
organic phosphorus. These changes are generally indicative of a failure 
to maintain resting conditions in the animal at the time of sampling and, 
consequently, doubt as to the validity of the results is inevitable. In the 
experiments that were reported in this paper there was no evidence of in- 
creased concentrations of either lactic acid or inorganic phosphorus. The 
values were well mthin the limits generally obtained for quiet, resting 
animals. Therefore, the changes that were obseiwed to begin after about 
16 days on the scorbutigenic diet are suggestive and could e.xplam the 
weakness that develops in guinea pigs prior to the appearance of symptoms 
of frank scurvy. The low levels of phosphocreatine observed and inter- 
ference with its synthesis can readily account for the general weakness and 
fatigability observed in scorbutic guinea pigs. 

When vitamin C was given to scorbutic guinea pigs (Table III), phos- 
phocreatine rapidly returned to near normal concentrations. No increase 
in the animals’ weights had occurred at this time. Muscle glycogen did 
not increase and, therefore, while these results confirmed th. crease m 
phosphocreatine following vitamin C ingestion first reported by Rat- 
simamanya and his coworkers (8, 12), our results failed to substantiate their 
report of increases in glycogen and decreases in muscle lactate. 

In sharp contrast to the lowering of the acid-soluble phosphate of muscle 
obtained from scorbutic guinea pigs was the maintenance of total phos- 
phorus at practically constant levels. This would tend to confirm the 
frequent reports that despite the decalcification of bone in scorbutic animals 
there is no apparent derangement of calcium-phosphorus metabolism. 
More important, however, it makes clear that, unless complete studies of all 
phases of metabolism are studied, erroneous impressions can be obtained. 
Derangement of phosphorus metabolism does occur, since the acid phos- 
phates are diminished in amount. Consequently, there was an absolute 
increase in the concentration of acid-insoluble or lipoidal phosphates of 
muscle. Sheppard and McHenry (13) observed that scorbutic guinea 
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pigs have a tendency, despite loss of body weight, to retain body fat. 
How these facts are related to the reduction of alkaline phosphates in 
scurvy requires additional investigation. Studies on metabolism of the 
lipoid phosphates will help to elucidate the rdle played by vitamin C in 
tissue metabolism. 


StrSQIABT 

Studies have been made on the concentrations of a number of compoimds 
in the gastrocnemius muscle of the resting guinea pig during the develop- 
ment of scurvy. Major changes occurred after the animals had been on 
the scorbutigenic diet for approximately 16 days, this time coinciding 
roughly with the first appearance of clinical signs of scurvy. 

Phosphorus metabolism was primarily affected. Total phosphorus of 
the muscle was diminished slightly but the acid-soluble phosphates were 
lowered dramatically. The reductions in the various acid-soluble phos- 
phorus compounds were in a fairly direct ratio to the decrease in the total 
acid-soluble phosphorus. 

Glycogen, total nitrogen, creatine, and muscle solids were also reduced, 
but in varying degrees. 

The anorexia that accompanied depletion of the guinea pig’s store of 
vitamin C appeared to be related to the diminished concentrations in 
muscle of certain compoxmds concerned with muscular contraction. The 
low levels of phosphocreatine and the interference with its synthesis (note 
also the low levels of creatine and adenosine triphosphate) readily explain 
the general weakness and ready fatigability observed in these animals. 
Addition of ascorbic acid to the diet of scorbutic guinea pigs rapidly restored 
the concentrations of phosphocreatine to nearly normal levels. 
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ISOLATION AND PROPERTIES OF IMAIUNE LACTO GLOBULINS 
FROM BOVINE WHEY 

Bt EMIL L. SMITH* 

(From the Biological Laboratoriee, E. R. Sgztihb and SoTie, New Brunswick) 
(Received for publication, June 28, 1946) 

It has already been reported that the principal protein of bovine colos- 
trum is immune lactoglobulin, and a procedure has been described for the 
isolation of this protein (1). While the immune properties of colostrum 
have been generally recognized, it is vddely believed that this is a specific 
quality of colostrum, and that immune properties are absent from the 
later milk or are present only in traces. In this communication, it vdll be 
demonstrated that the immune proteins are present in normal milk as 
shown by an electrophoretic analysis of the whey and by the isolation of 
these proteins in electrophoretically homogeneous state. The immune 
activity of milk like that of colostrum is associated with two different 
immune lactoglobulins which differ in electrophoretic mobility, solubility, 
and analytical composition (1-3). For convenience, they may be de- 
scribed as euglobulin and pseudoglobulin. Some of the properties of these 
proteins wiU be discussed. 

bxperhiektal 

Eleclrophorelic Analysis of Whey — ^These studies were performed at 1“ 
in a Tiselius apparatus equipped with the Longsworth schlieren scanning 
device. Unless otherwise specified, the analyses were made with a veronal 
(diethyl barbiturate) buffer at pH 8.4 to 8.6 and at an ionic strength of 0.1. 
Only the descending boundaries were observed. 

The fat was removed from the whole milk by centrifuging in a DS Laval 
cream separator two or three times. The sMm milk was slowly acidified 
with 0.1 M HCl to pH 4.6 ± 0.1, and the casein removed by filtration. 
Because of the low protein content of the whey, some concentration was 
necessary to obtain satisfactory electrophoretic analyses. The whey was 
therefore cautiously neutralized with 0.1 ii NaOH, filtered clear, dialyzed 
against distilled water to lower the content of diffu^le ions and lactose, 
and then dried from the frozen state imder a high vacuum. The dried 
whey proteins prepared by this method showed no detectable changes in 
the mobility or relative concentrations of the various components. 

Table I presents the data obtained on the electrophoresis of a whey 
sample from normal milk performed at three different protein concentra- 

• Present address. School of Medicine, University of Utah, Salt Lake City. 
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tions. The electrophoretic pattern obtained at 1.85 per cent is shown in 
Fig. 1. The two slowest moving components are the immune lactoglobulin 
components whose isolation is described below. In this particular prepara- 
tion the two components are not distinct from each other. Better resolu- 

Tabi,b I 

Electrophoretic Analyses of Bovine Whey at Different Protein Concentrations 
These analyses were performed at 1® in a veronal buffer at pH 8.6 and at an ionic 
strength of 0.1. All of the samples were dialyzed and were concentrated by drying 
from the frozen state prior to equilibration with the buffer solution used in the 
electrophoretic analysis. Mobilities were calculated from descending patterns 
after electrophoresis for 250 minutes." Mobilities are in sq. cm. per volt per second 
X 10-5. 


Concen- 

tration 
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lactoglobulin 
(eugrobuUn) 

Immune 

lactoglobulin 

(pseudoglobulin) 

Component 

Component 

^•Lactoglobulin 

Component 

Concen- 

tration 
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tration 
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u 
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tration 
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U 

Concen- 

tration 

U 

per cent 

per cent 


per cent 


per cent 


per unt 


per cent 


per cent 



5 

-1.7 

5 

-2.1 


-3.7 

14 

-4.7 

48 

-5.6 

5 

-6.7 

1.23 

6 

-1.7 

4 

-2.5 


-3.6 

12 

-4.5 

55 

-5.1 

5 

-6.4 

1.85 

6 

-1.5 

4 

-2.4 


-3.2 

9 

-4.1 

58 

-5.0 

7 

-6.1 



Fia. 1. Electrophoretic patterns of normal whey from photographs taken at (A) 
166 and (B) 250 minutes. The protein concentration was 1.85 per cent. The data 
for this e.xperiment are given in Table I. 


tion has been obtained with other samples of whey, particularly those from 
hyperimmune animals. 

The data in Table I indicate that the apparent amount and the mobility 
of some of the boundaries, particularly j3-lactoglobulin, are influenced by 
the protein concentration at which the electrophoresis is performed. In 
whey, the component with mobility —4.1 to — 4.'7 X 10“® sq. cm. per volt 
per second can be detected only as an as 5 Tnmetry on the j8-lactoglobulin 
pattern after prolonged electrophoresis. 
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Eleciraphoresis of Hyperimmune Whey — The immunization of these ani- 
mals has been studied by Dr. A. Holm of these laboratories and the work 
will be reported by him elsewhere. Studies performed on the imm une 
globulins of the colostrum and plasma from these animals have already 
been presented (1-3). 

The whey obtained from hyperimmune animals does not differ in com- 
position from that of normal animals except that the immune components 
may be greatly increased in amount. In Fig. 2 are shown the patterns 
obtained with the whey from two hyperimmune cows. For the whey 
shown in Fig. 2, A, there were 32 per cent of the immu ne protein and only 



Fro. 2. Electrophoretic patterns of whey obtained from two hyperimmune cows. 
A contained 31 per cent of the immune components, and B only 14 per cent. The 
photographs were taken at 225 minutes (A), and 200 minutes (B). The pH was S.4 
and the protein concentration 2.6 per cent for both runs. 

45 per cent /3-lactoglobulin, while in Fig. 2, B, there were 14 per cent of the 
immime protein and 64 per cent of the /J-lactoglobulin. Because of the 
high protein concentration employed (2.6 per cent), the ^lactoglobulin 
appeared to be a angle boundary in both e.xperiments. The sample in 
Fig. 2, A showed the most extreme change in composition from normal 
whey for any of the preparations which were investigated. The anomaly 
jia the pattern of Fig. 2, A, has been observed occasionally with samples of 
whey. 

In Table II are presented the data obtained with the whey during the 
course of immunization. No attempt was made in these runs to evaluate 
the asymmetry of the /S-lactoglobulin boundary, and this has been con- 
sidered as due to one component. Likewise, the two immune components 
have been conadered together, and the mobility is for the peak position of 
the total immune protein. 

The relative concentration of the immune components in the whey of 
Cow 1 showed no significant trend during the course of immunization. 
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However, in Cow 2 the relative concentration of these proteins increased 
from 10 to 32 per cent. Cow 3 was dry at the time that hyperimmunization 
was begun and no control data could be obtained on the whey of this animal. 

At various times, whey samples have shown boundaries which have 
migrated more rapidly than the component at —5.3 to —5.8 X 10"® 
sq. cm. per volt per second. While such components appear in Table II 
only for the whey of the \mimmunized animals, they have also been ob- 

Tablb II 

Electrophoretic Analyses of Bovine Whey 

These analyses were performed at 1® in veronal buffer at pH 8.4 to 8.6 and at an 
ionic strength of 0.1. All of the samples were dialyzed and were concentrated by 
drying from the frozen state prior to equilibration with the buffer used in the analysis. 
Mobilities were calculated from descending boundaries after electrophoresis for 200 
to 250 minutes. Mobilities are in sq. cm. per volt per second X 10~‘. The concen- 
tration given is for both jmmune components, and the mobility is for the peak posi- 
tion of the unresolved euglobulin and pseudoglobulin. 
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1 

0 

2.7 

17 

-1.8 

12 



-4.2 

6 

-5.7 

5 

-7.5 


28* 

2.6 

14 

-1.7 

18 


■SB 

-3.9 

4 

-5.3 




42 

1.6 

17 

-1.9 

21 

-3.2 

58 

-4.2 

4 

-5.5 




66 

1.3 

19 

-1.8 

21 

-3.2 

56 

-4.1 

4 

-5.5 



2 

0 

3.0 



14 

-3.0 

67 

-4.0 

4 

-5.8 

5 

-6.8 


28 

1.8 

22 

-1.9 

22 


52 

-4.0 

4 

-5.5 




42 

2.4 

24 

-1.6 

20 


49 

-4.2 

7 

-5.2 




56* 

2.6 

32 

-1.5 

15 


48 

-3.9 

5 

-5.1 



3 

56 

2.0 

15 


24 

-3.0 

50 

-4.1 

11 

-5.5 




* These samples are shown in Tig. 2. 


served in the hyperimmune whey. We have no explanation to offer at 
the present time for the irregular appearance of these boundaries. 

Although whey apparently exhibits only a few boundaries in its electro- 
phoretic pattern, this fluid is extremely complex and some of the electro- 
phoretic components are composite in nature. When a series of whey 
fractions is prepared by precipitation with ammonium sulfate, or with 
ethanol at low temperatures, made in short steps of concentration incre- 
ments, new components are observed in the patterns of some of the 
fractions. 

Isolaiion of Immune Components — ^These components were obtained in 
electrophoretically homogeneous state by a fractionation procedure in 
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whicli ammomum sulfate was used. The fat and casein were removed 
from the whole nulk of hyperimmune cows as described abo%'e in the prepa- 
ration of samples for electrophoretic analysis. The whey was then ad- 
justed to pH 6.5 with 0.1 si NaOH, and solid ammonium sulfate added to 
0.5 saturation to precipitate the crude globulin (Fraction A). The pre- 
cipitate Fraction B was collected from the filtrate of Fraction A at com- 
plete saturation with ammomum sulfate. Fraction A was redissolved at 
about 3 per cent protein concentration, the pH was brought to 4.6 ± 0.1, 
and ammonium sulfate added to 0.25 saturation. The precipitate (Frac- 
tion G) was removed by centrifuging. The supernatant was filtered 
through a thick layer of paper pulp and then through a steriliring pad. 
The immune proteins (Fraction D) were precipitated from the supernatant 
at 0.4 saturation with ammonium sulfate and at pH 6.0. 

Fraction D, which contained 80 per cent of the immune proteins, was 
reworked by dissolving in water at 1“ adjusting to pH 4.5, and removing 
the insoluble residue by filtration. Fraction E was precipitated at 0.3 
saturation with ammonium suhate. The supernatant was brought to pH 
6.0 and 0.4 saturation with ammonium sulfate and the precipitate Frac- 
tion F was collected. Fractions E and F were dialyzed separately against 
distilled water at 2®. Both precipitates were resolved into water-soluble 
(pseudoglobulin) and water-insoluble (euglobulin) fractions; they were col- 
lected separately, and each portion was analyzed electrophoretically. The 
data for the entire fractionation are given in Table HI. 

It is apparent from the data in Table III that both the pseudoglobulin 
fractions (E and F) appear to be homogeneous, while only the euglobulin 
Fraction F is homogeneous. However, the pseudoglobulin Fraction E 
apparently contains some of the euglobulin, as is shown by its mobility 
which is intermediate between those of the more homogeneous Fraction F 
preparations. 

The representative fractionation described above was performed with 86 
liters of whey which contained 0.57 per cent protein. Since the immune 
lactoglobulin was 13 per cent of the whey protein as estimated from the 
electrophoretic pattern, the total amount originally present was 63.7 gm. 
The jield of the partially purified precipitate Fraction D was 54 gm., which 
represented approximately 68 per cent of the immime protein present in 
the whey. The jleld of the pseudoglobulin Fraction F iras 5 gm. and 
euglobulin Fraction F 9 gm. Both globulins possessed immune activity 
for the antigens which were used in the hyperimmunization. 

While the fractionation presented above is described for the whey from 
hyperimmune cows, it is equally effective for normal whey. The e.xample 
was deliberately chosen for presentation because of its resemblance to nor- 
mal whey in the low content of immune protein. 
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The successful isolation of these proteins has depended in large part on 
the elimination of the components which migrate in the range of —3.0 to 
—3.7 X 10~® sq. cm. per volt per second. Sprensen and Sprensen (4) have 
commented on the fact that the whey fraction precipitated at low sulfate 
concentrations “is characterized by such a slimy, sticky consistency 
that it is very difficult to reprecipitate and purify, and even so, to frac- 
tionate.” We have found that this is entirely due to euglobulin-like pro- 

Table III 

Electrophoretic Analyses of Precipitates from Bovine Whey Obtained by Ammonium 

Sulfate Precipitation 

Electrophoresis was performed at 1° in veronal buffer at pH 8.6 and at an ionic 
strength of 0.1. Mobilities are in sq. cm. per volt per second X 10"®. Values given 
in parentheses under each fraction refer to limits of saturation of ammonium sulfate. 
The vertical columns do not always include the same component, with the exception 
of the immune lactoglobulin. 
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tern which migrates in the range of —3.0 to —3.7 X 10~® sq. cm. per volt 
per second. These components, which migrate with the same mobility as the 
jS-globulins of serum, also resemble the jS-globulins in their solubility proper- 
ties and in the occasional presence of an anomaly on the electrophoretic 
pattern (Fig. 2, A). Lyophilized powders rich in this material do not 
readily redissolve in salt solutions at pH 7.0 to 7.5 and the solutions are 
quite turbid. Refractionation of this material shows it to be complex in 
character, yielding many distinct electrophoretic boundaries. In contrast 
to the crude fractions, the more homogeneous immune lactoglobulins are 
freely soluble in neutral saline, and the lyophilized powders dissolve to form 
clear and colorless solutions. 
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It ahould be emphasized that the classical methods of preparing lacto- 
globulin (5-7) by repeated precipitation with half saturated ammonium 
sulfate, or with saturated magnesium sulfate, yield preparations which 
show complex electrophoretic patterns. For example a whey protein 
preparation twice precipitated at 0.4 saturation with ammonium sulfate 



Fig. 3. Descending patterns obtained on electrophoresis of the purified immune 
lactoglobulins. The pseudoglobulin is shown in 4, acetate buffer at pH 3.90, at a 
protein concentration of 1.3 per cent after 150 minutes; B, acetate, pH 5.11, concen- 
tration 0.8 per cent, 250 minutes; C, cacodylate, pH 6ffl, concentration 1.1 per cent, 
250 minutes; and D, veronal, pH 8.55, concentration 1.6 per cent, 250 minutes. The 
euglobulin is shown in E, acetate, pH 3ffl, concentration 1.2 per cent. Iff) minutes; 
F, acetate, pH 5.12, concentration 1.1 per cent, 250 minutes; G, cacodylate, pH 6.13, 
concentration 1.0 per cent, 250 minutes; H, cacodylate, pH 6.82, concentration 1.3 
per cent, 250 minutes; and I, veromd, pH 8.65, concentration 1.4 per cent, 250 min- 
utes. 

contained about 40 per cent of the immune lactoglobulins, and showed four 
distinct boundaries. 

Eleclrophoretic Homogeneily — The purified euglobulin Fraction F and 
pseudoglobulin Fraction F were studied electrophoretically in the Tiselius 
apparatus with univalent buffers at an ionic strength of 0.1. Both of these 
proteins migrated as single components at aU pH values at which observa- 
tions were made. Some of the electrophoretic patterns which were ob- 
tained are shown in Fig. 3. These proteins gave somewhat sharper pat- 
terns and less symmetrical spreading than was found earlier for the immune 
proteins from bovine colostrum (1). 
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Isoelectric Points — ^In Fig. 4 the electrophoretic mobilities are shown as 
a function of the pH for both of the immune lactoglobulins as obtained 
from descending migrations in univalent buffers at an ionic strength of 0.1. 
The isoelectric point of the pseudoglobulin is at pH 5.6 and of the euglobulin 
at pH 6.05. These values are in the pH range previously observed with 
the immune proteins from colostrum (1). 



Fi< 3. 4. Eleotrophoretio mobility aa a function of pH for the euglobulin and pseudo- 
globulin of bovine whey. All of the measurements were determined from descending 
migrations at 1° in univalent buffers at an ionic strength of 0.1. The pH values were 
determined with a glass electrode at 25®. 

Analytical Composition — Some data for the homogeneous preparations 
are presented in Table IV. The results are calculated on the ash-free, 
dry basis; the ash content is on the dry basis. Mr. J. F. Alicino of The 
Squibb Institute for Medical Research performed the elementary analyses. 
No phosphorus could be detected in these proteins. The hexose deter- 
minations were made by the orcinol method with glucose as a standard (8). 
Hexosamine was determined by the method of Palmer, Smyth, and Meyer 
(9), with a Beckman spectrophotometer to measure the photometric 
densities of 540 mft. 

Absorption Spectra— The ultraviolet spectra of the homogeneous lacto- 
globulins are shown in Fig. 5. The measurements were made at room 
temperature with a Beckman spectrophotometer with a hydrogen lamp as 
the light source. The proteins were dissolved in 0.15 m sodium chloride, 
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and adjusted with 0.1 m sodium hydroxide to pH 7.0 =b 02. The two 
preparations differ only slightly and closely resemble the immune lacto- 

Tablb IV 


Some .inalytical Data on Immune Lacloglohulins of Milk 



Fig. 5. Ultra\-iolet absorption spectra of the immune lactoglobulin of bovine whey 

globulins from colostrum (Smith and Coy (3)). We are indebted to Dr. 
N. H. Coy for these measurements. 

Diffusion Constants — These were measured in the electrophoresis cell by 
the method of Longsworth (10) from photographs taken by the schlieren 
scanning method. The constants were calculated from the formula D = 
rlV4wH-f where A is the diffusion area in sq. cm., H the ni . ax imii m height 
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of the curve in cm., t the time in seconds, and D the diffusion constant in 
sq. cm. per second. 

The runs were performed at 1.5“ in veronal buffer of 0.1 ionic strength 
at pH 8.6. From five to seven photographs were taken at intervals from 
about 14 to 70 hours and the values averaged. Each run was performed 
in duplicate, both halves of the cell being used separately. It was found 
for the pseudoglobulin, at a concentration of 1 per cent, that Hi .6,, = 1.86 
and 1.90 X 10“^, from which the calculated values of Hao.w = 3.48 and 
3.55 X 10~^ sq. cm. per second. For the euglobulin, at 1.2 per cent. 
Hi. 6., = 1.66 and 1.81 X lO'^^ were obtained, and the calculated values 
Hofl.u = 3.10 and 3.38 X 10“’ sq. cm. per second. These values are within 
the range previously found for bovine colostrum and plasma immune 
globulins (1). 

Stvdies in the Uliracentrifuge — ^Dr. J. L. Oncley of the Department of 
Physical Chemistry, Harvard Medical School, has examined some of our 
preparations of the bovine imm une proteins. We are greatly indebted to 
Dr. Oncley for putting these results at oiu disposal. 

The air-driven ultracentrifuge designed by Bauer and Pickels was used 
in these studies. Analyses were performed with 0.15 m sodium chloride 
as solvent. The milk preparations were those described in this paper. 
The colostrum and plasma proteins were the same as those discussed 
earlier (1). The results are given in Table V. 

All of the preparations contained tivo or three sedimenting components, 
and in that respect resemble the human y-globulin preparations studied by 
Williams and his collaborators (11). However, only the euglobulin prepa- 
rations contained any heavy material with sedimentation constants (Sio) 
in the range of 18 to 20 Svedberg units. 

The regular occurrence of a component with S20 about 10 Svedberg units 
in association with a principal component of S20 of about 7 Svedberg units 
suggests a close relationship between them. It does not seem likely that 
the same impurity would be present in globulin preparations from colos- 
trum, milk, and plasma, and in each case possess the same electrophoretic 
mobility at various pH values as each of the different proteins involved. 
It is possible that the three components have a polymeric relationship to 
one another. We have no very good data for the estimation of f/fo values 
for these components, but the molecules with Ssa = 10 Svedberg units 
might be approximately t^vice the size of those with <820 = 7 units; those 
with Sia ~ 18 to 20 units might be about 6 to 8 times the size of those ivith 
S20 = 7 units. It should be recalled that the antipneumococcus serum 
globulin from the cow was found to possess a sedimentation constant of 
18.1 Svedberg imits and a molecular weight of 910,000 (12). 

In a study of the whey proteins performed mth the ultracentrifuge, 
Pedersen (13) found three main boimdaries: an a component with Sm = 1.8 
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Svedberg units (Kekwick’s lactalbumin), a /3 component witb S~a = 3.0 
units (Palmer’s iactoglobulin), and a y component with. &o = 7.0 to 7.4 
units. The last component, which represented about 10 per cent of the 
whey protein, was tentatively identified by Pedersen as the classical lacto- 
globulm. The sedimentation constant of this protein in whey is in agree- 
ment with that found for the lactoglobulins isolated from mill- and colos- 
trum. The results of the electrophoretic and ultracentrifugal analyses 
also agree in the regular occurrence of the immune lactoglobulins to the 
extent of about 10 per cent in normal whey. 

The sedimentation constant of the principal component of the colostrum 
and milk proteins, like that of the y- and the T-globulins, was about 7 

Table V 

Composition of Booine Immune Proteins in Ultracentrifuge 
Each component is identified by the approximate value of the sedimentation con- 
stant pven in Svedberg units. 


ProUln 

» 7 muts 

Sa « 10 Gsiti 

» 20 ooits 


ptr uai 

fer uzi 

/fir cfiU 

Milk pseudoglobulin 

90 

10 

0 

Colostrum pseudoglobulm* 

83 

6 

0 

Milk euglobulin 

76 

12 

12 

Colostrum euglobulin 

85 

5 

10 

Plasma T-globuliu 

88 

12 

0 

“ -y-globulin A 

90 

10 

0 

« B 

1 

92 

8 

0 


* About 6 per centof this protein sedimented with a value of Sa = 2 to 3 Svedberg 
units. 


Svedberg units. The diffusi on constants estimated for the different prepa- 
rations are values for the total protein. The high content of the fast 
moving component (Sjo = 18 to 20 units) in the two euglobulins is reflected 
in their lower diffusion constants: Z)jo.» = 3.24 and 3.34 X 10~^ sq. cm. 
per second for the milk and colostrum preparations. The diffusion con- 
stant for the colostrum pseudoglobulin, which contained 88 per cent of one 
component, was 3.86 X 10~^ sq. cm. per second (1). The true diffusion 
constant of the homogeneous Iactoglobulin must therefore be slightly 
greater than 3.9 X 10“^ sq. cm. per second. Using this value together 
with Ssa = 7 Svedberg units and V = 0.75 (assumed) in the Svedberg 
formula yields a molecular weight of 180,000. 

DISCUSSION 

The high levels of immunity generally present in colostrum have served 
to obscure the fact that immunity is also present in the later mi lk. Though 
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present in small amount, the immune proteins occur regularly in the whey 
of normal animals, as is shown by electrophoretic analysis and by the ultra- 
centrifuge studies of Pedersen. 

The immune globulins of the colostrum and milk are probably identical. 
However, this is not easily proved because of the variable amounts of the 
two imm une proteins which are present and their similarity in properties 
which make it an extremely difficult matter to be certain of their complete 
separation. A further difficulty is the lack of homogeneity in the ultra- 
centrifuge. Moreover, preliminary observations, as yet unpublished, show 
that the lactoglobulins give solubility data characteristic of preparations 
which contain more than a single component in the solid phase. 

The author acknowledges the technical assistance of Leo Zuckerman and 
Douglas M. Brown. 

SUMMARY 

1. Electrophoretic analysis has shown that the immune lactoglobulins 
constitute about 10 per cent of the protein in normal bovine whey. During 
hyperimmunization the immune components may increase considerably, 
although this does not occur regularly. 

2. A method has been described for the isolation from whey of the 
euglobulin and pseudoglobulin in eleotrophoretically homogeneous form. 
Immune activity is associated with both of these proteins. 

3. The isolated proteins have been studied in the Tiselius apparatus at 
different pH values, and the proteins have been characterized by their iso- 
electric points, diffusion constants, absorption spectra, and other properties. 

4. Studies in the ultracentrifuge reveal that all of the isolated bovine 
immune proteins contain more than one component. The principal com- 
ponent (76 to 92 per cent) has a molecular weight of about 180,000. 
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vn. THE PREPARATION OP ANDRO3TAN-3(0J-OL-7-ONE 
FROM DEHYDROISOANDROSTERONE* 

Bt R. D. H. heard aj.t> a. F. McKAY 

(From tjke Deparlment of Biochemistry, Dalhoitsie Vnicersity, Halifax, Canada") 

(Received for publication, June 8, 1946) 

Seven years ago the authors (2) reported the isolation from equine preg- 
nancy urine of a new hydroxy ketone, m.p. 187-187.5° (imcorrected), 
[a]ij = —160° (dioxane), m.p. of benzoate, 206-208° (uncorrected), the 
. structure of which was proved to be androstan-30S)-ol-a:-one, an isomer of 
androsterone differing in the spatial orientation of the 3-hydroxyl group and 
in the position of the ketonic o.xygen atom. More recently, Oppenauer 
(3) has obtained from the same soiuce a similar digitonin-precipitable 
hydro.xy ketone, CuHjiOj, m.p. 190.5-191° (corrected), [ajo — —157° 
(dio.xane), m.p. of benzoate, 209-211° (corrected); while the two products 
have not been directly compared, there can be no reasonable doubt of their 
identity. 

In the original investigation, the location of the carbonyl group was not 
established. With the object of elucidating this last undetermined point 
of structure, a survey was conducted of the effect on optical rotatory power 
of the substitution of a ketonic oxygen atom in the various positions in the 
steroid ring skeleton, the results* of which show that the contributions to 
the molar rotation (DvIL = [oJd X mol. wt./l(X)) of a 6-, 7-, 1I-, and 12- 
keto group are respectively and approximately —200° to —400°, —230° to 
—320°, -1-260°, and -1-210° to -1-380°. The observed difference (—480°) 
between the molar rotation of the urinary androstan-3C5)-ol-a:-one (fM]a = 
—464°) and of androstan-3(|3)-ol ([ML = +16°) suggested the presence of 
the carbonyl group in the 6 or 7 position. Accordingly, androstan-3(d)- 
ol-7-one (XI) has been prepared from dehydroisoandrosterone as described 
below. While the rotation of XI is in accordance with e.xpectation ([MId = 
—200°), the compound (m.p. 130-131°) is not identical with the urinary 
metabolite. 

The Wolff-Kishner reduction of dehydroisoandrosterone acetate semi- 
carbazone (I) with sodium ethylate at 180° led to a difficultly separable 
mixture of A*-androsten-303)-ol (IV), andro3tan-3G3)-ol (III), and etiocho- 
lan-3(a)-ol (11). Although the crude reaction mixture readily crystallized 

• Conununicated to the American Society of Biological Chemists, 1941 (1). 

* Puller details will be published in a later communication. 
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in long needles (m.p. 120-130°) with the appearance of homogeneity, frac- 
tionation with digitonin was found requisite to the isolation of the constit- 
uents. The digitonin-precipitable ^ portion (approximately 60 per cent) 
was comprised principally of a fraction sublimable in vacuo between 105- 
115°, which gave, on one recrystallization, the main product in the form of 
slender needles melting sharply at 133-134° and exhibiting [qiId = — 65.3° 
in dioxane (40 per cent yield from I). The latter proved to be mixed crys- 
tals of IV and III in the approximate molar proportion of 2; 1 respectively. 
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Bromine and hydrogen titration indicated 0.70 and 0.77 ethenoid linkage. 
The hydrogenation product, C19H32O, formed in quantitative yield, had a 
melting point of 148-149°, Wd = + 5-9° ± 7° (dioxane) in agreement with 
androstan-3(/3)-ol (III, m.p. 147.5-148°, [ajp = -b0.9° in chloroform) ob- 
tained by Prelog,. Ruzicka, and Wieland (4) by saturation of A“-andro- 
sten-3(/3)-ol. Resolution of the coordination complex was achieved by 
application of the principle of Schoenheimer (5) that A®-unsaturated 3(|8)- 
hydroxy steroids, as their dibromides, are not precipitated mth digitonin. 
Bromination of the mixed crystals gave the dibromide of IV, m.p. 110°, 
which, on dehalogenation, yielded A®-androsten-3((8)-ol (IV), m.p. 135- 
136.5°, [kJd = — 68° (dioxane). Treatment of the mother liquor from the 
bromo derivative with digitonin, and dissociation of the insoluble addition 
product, led to androstan-3(|3)-ol (III), identical with the product of hydro- 
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genation of the coordination complex. The a fraction (about 40 per cent) 
consisted for the most part of etiQcholan-3(a)-ol (II), obtained either by 
sublimation and repeated recrystaUization to a constant melting point of 
143-144°, or by chromatographic separation, and identified by comparison 
■with II obtained by the Glemmensen reduction of etiQcholan-3(ot)-oI-17-one 
(VI). For purposes of characterization, small quantities of androstan- 
3-one (VIII) and of etiocholan-3-one (VII) -were prepared by the chromic 
acid o.xidation of III and II respectively. 

Saturation of the double bond and epimerization of the hydro.xyl group 
in the course of the TVolff-Kishner reduction of a A®-imsaturated 303)- 
hydroxy steroid have previously been observed. Dutcher and Winter- 
steiner (6) obtained from A‘-cholesten-3-one, the normal product, A*- 
cholestene (40 per cent), and also chole3tan-3(^)-ol and coprostan-3(a:)-ol 
(35 per cent). In both their investigation and ours, the only saturated prod- 
ucts obtained are those in which the substituent at Cj and that at the 
newly created center of asymmetry at Cs are trans oriented each •with re- 
spect to the other, which keeps -with the finding of Windaus (7) that, on 
epimerization of the saturated 3-hydroxy steroids with sodium ethylate at 
180°, the 3,5 transoid form predominates over the cisoid in the ratio of 
about 9:1. 

Since the completion of this investigation, Butenandt and Suranyi (8) 
have described the TVolff-Kishner reduction of dehydroisoandrosterone at 
145° to a product, readily separable in high yield by direct crystallization, 
which melted at 131° (corrected?) and exhibited = —48° (ethanol), 
and to which structure TV is assigned. Whether this material represents 
the coordination comple.x of IV and III characterized above, or IV in pure 
state, is not apparent, as the degree of unsaturation is not recorded by the 
German workers. Neither is it certain that the purest A‘-andro3ten-303)-ol 
([a]p = —68°) obtained by us on debromination of the dibromide is uncon- 
taminated ■nith the saturated androst3n-303)-ol. As the complex ([alo = 
—65°) is made up of appro.ximately 33 per cent of III, which is practically 
inert optically (below and (4)), IV in pure form should be levorotatory to 
the e.xtent of about -f 100°. While the findings of Butenandt and Suranyi 
(8) and ourselves agree in the main, they are quite irreconcDable with those 
of Raoul and Meunier (9) who describe A‘-3ndro3ten-3(d)-ol, also from the 
Wolff-ICshner reduction of I, as melting at 104° and showing [ajo = -f-18.5°. 
No evidence of unsaturation is presented, nor are the observed carbon and 
hydrogen values in agreement with the theory for IV. iloreover, as andro- 
stan-3(^)-ol has practically zero rotation (belo-w and (4)), and the contribu- 
tion to the molar rotation of a 5,6-ethylenic linkage is knonm to be —200 
to —400° (Callow and Young (10)), the specific rotation of IV may be 
calculated to lie in the range —55° to —110°. 
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Acetylation of the coordination complex and repeated recrystallization of 
the products yielded the rmsaturated acetate V, melting at 93-94°, which 
agrees with the value (91-93°) recorded by Butenandt and Suranyi (8). 
Treatment of this with chromic anhydride at 55° introduced a carbonyl 
oxygen atom in conjugation with the double bond (compound IX), 
as evidenced by the ultraviolet absorption spectrum (Fig. 1), which is 
characteristic of that of a ketone in conjugation with an exocyclic double 
bond (see Woodward (11)). Catalytic hydrogenation of IX followed by 



Fig. 1, Absorption spectrum of A^-androsten-SOSl-ol-T-one acetate (IX) methanol 

back oxidation of the epimeric mixture of 7-(a and /3)-hydroxyandrostan- 
3(/3)-ol 3-acetate gave X, m.p. 110-113°, not identical with the acetate 
(m.p. 105-107°) of the urinary androstan-3()3)-ol-a:-one. 

EXPERIMENTAL 

Melting points were taken with the Kofler-Hilbck micro apparatus; the 
recorded values are corrected. We are much indebted to Mrs. A. 0. 
Jewitt for all microanalyses. 

Reduction {Wolff-Kishner) of Dehydroisoandrosterone Acetate Semicarba- 
zone (7) — ^To 2.01 gm. of I was added sodium ethylate solution prepared 
from 5.0 gm. of sodium and 65 ml. of absolute ethanol, and the mixture was 
heated in a sealed tube for 10 hoims at 180°. After dilution to 10 volumes, 
the products were extracted with ether (three portions of 75 ml.). The 
combined ethereal extracts were washed with water (3 X 50 ml.) and dis- 
tilled to dryness to give 1.6 gm. of light yellow oil. While the latter readily 
crystallized from benzene-ligroin in well defined needles which softened at 
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116° and melted between 120-130°, no worth while degree of purification 
could be effected by repeated treatment in this manner or by sublimation 
in vacuo. Accordingly, the mixture was separated into a and d fractions 
with digitonin. The off (1.6 gm.) was taken up in a 1 per cent alcoholic 
solution of digitonin (containing 5.0 gm.), and the digitonides that were 
precipitated after 24 hours were collected by filtration and washed with 
cold ethanol and ether. The combined mother liquor and washings were 
distilled to 5 ml., and treated with 100 ml. of ether. The precipitated 
excess di^tonin was removed and washed with ether. Evaporation of the 
filtrate and ether washings gave 0.672 gm. of diptonin-non-precipitable oil 
(a fraction) . The insoluble di^tonides, after desiccation, were dissolved in 
pyridine (30 ml., freshly distilled from anhydrous barium oxide), warmed on 
the bath for 30 minutes, and poured into 400 ml. of dry ether. After col- 
lection and washing of the precipitated digitonin with ether, the combined 
ethereal solutions were extracted with 2 S hydrochloric acid (3 X 100 ml.), 
washed neutral with water, and distilled to yield a semicrystalline P fraction. 
A second decomposition writh pyridine of the reclaimed di^tonin gave a 
slight additional quantity of etter-soluble material (total yield, 0.834 gm.). 
In several runs, it was found that the number of decompositions requisite 
to quantitative recovery of the 3(d)-hydroxy steroids from their digitonides 
varied greatly with the degree of hydration of the solvents employed; 
with pyridine freshly distilled from anhydrous barium oxide, two treat- 
ments sufficed, but with reagent grade pyridine as many as five were re- 
quired. 

Eiiocholan-3{a)~ol (II); From Wolff-Kishner Reduction of I — The a 
fraction yielded etiocholan-3(a)-ol on distillation at 110-120°, followed by 
repeated recrystallization from ligroin and aqueous acetone until crystals 
melting sharply at 143-144° were obtained. More satisfactorily, the com- 
pound was separated chromatographicaliy. The di^tonin-non-precipitable 
oil (170 mg.), dissolved in petroleum ether, was absorbed on a column 
(14.5 X 1 cm.) of alumina (Merck, standardized according to Brockmann, 
7 gm.) which had previously been saturated with the same solvent. Elu- 
tions were made as indicated in Table I. Eecrystallization of Fractions 
16 to 27 from aqueous acetone gave II in the form of long needles melting 
at 144-145°. 

Ci,H„0. Calculated. C 82.5i, H 11.67, mol. wt. 278 

Found. " S2.58, “ 11.61, “ “ 2S9 (Hast) 

“ S2.81. “ 11.70 

From CUmmenoen Reduction of EiiocholanS{a)-ol-17-one {VI) — To a 
suspension of 63 mg. of etiocholan-3(a)-ol-17-one (isolated from human 
urine)* in 10 ml. of concentrated hydrochloric acid were added 2.5 gm. of 

» We are greatly indebted to Dr. M. M. Hoffman for this material. 
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freshly amalgamated zinc wool. After refluxing for hours, the solution 
was decanted from the mercury, diluted to 10 volumes, and extracted with 
ether (3 X 25 ml.) . The combined ethereal extracts were washed with N 
sodium hydroxide solution (3 X 25 ml.) and w’ater (3 X 25 ml.), and evapo- 
rated to dryness. Crystallization of the residue from .ligroin gave etio- 
cholan-3(Q:)-ol, melting at 143-145°, both alone and on admixture with the 
product obtained by Wolff -Kjshner reduction. 

Eiiocholan-Z-one {VIl) — ^To 103.7 mg. of II in 2 ml. of 90 per cent 
acetic acid were added 110 mg. of chromic anhydride in 2 ml. of the same 


Table I 


Chromatographic Separation of a Fraction from Wolff -Kishner Reduction of I 


Fraction ' 
No. 

Eluent (20 ml. portions) 

^ 

Eluato 

Compound isolated 

1 Yield . 

Nature or m.p. 



mg. 

•c. 


1- 2 

Ligroin 

0 

1 


3- 4 

Ligroin-benzene (10:1) 

0 



5- 8 

“ (5:1) 

17.6 

Oil 


9-15 

“ (5:1) 

49.7 

102-125 

Etiocholan- 





3(a)-ol 

16-21 

“ (5:1) 

64.6 

125-144 

tf 

22-27 

“ (2.5:1) 

26.6 

142-144 

it 

28 

“ (1:1) 

1.0 

137-144 

1 


solvent. After 1 hour at 4°, the solution Avas diluted (15 volumes) and ex- 
tracted with ether (3 X 10 ml.). The ethereal extracts Avere w'ashed with 
N sodium hydroxide solution (3 X 10 ml.) and water (3 X 10 ml.), and 
evaporated to dryness. Sublimation of the crystalline residue in vacuo 
and two recrystallizations from aqueous ethanol gave 61.2 mg. of etio- 
cholan-3-one melting at 55-57°. 

A^-Androsten-S(fi)-ol (/F) ajid Coordination Comfulez of IV and Aiidro- 
stan-3{ff)~ol (III) — Mixed crystals of III and IV were readily obtained in 
pure state on crystallization from ligroin of that portion of the total |8 
fraction from the Wolff-Kishner reduction of I which sublimed in a high 
vacuum at 105-115°. This represents about 60 per cent of the total digi- 
tonin-precipitable material and yields from 1 gm. of I approximately 400 mg. 
of complex melting sharply at 133-134°. 

2(Ci,H,<,0)-l(C„H„0). Calculated. C 82.92, H 11.24, I No. 61.6 
Found. “ 83.14, “ 11.04, “ “ 64.5 
" 83.17, “ 10.77 

Md = —65.3“ ± 2“ (1.24% in dioxane) 













R. D. H. HEARD AKD A. E. HCKAY 


683 


For A^-androsten-303)-ol (IV), ButeDandt and Suranyi (8) record a 
melting point of 131°, = +48° (alcohol). The degree of unsaturation 

■was not ascertained. 

The iodine number was determined by the Rosenmmd-Kuhnhenn 
method (12). The complex (21.7 mg.), in chloroform (2 ml.), with 5 ml. 
of the pyridine sulfate dibromide reagent, absorbed, after 10 minutes in the 
dark, 8.84 mg. of bromine (0.70 ethenoid linkage). Approximately two- 
thirds unsatmation is also indicated b 3 ' quantitative hj-drogenation (below). 

The dibromide of IV was obtained by treating 105 mg. of complex in 
ethanol (1 ml.) with 0.8 x ethanolic bromine solution until a faint j’ellow 
coloration persisted. On concentration to 1.5 ml. at room temperature 
under a stream of nitrogen, and standing overnight, 47.6 mg. of long needles 
separated which had a melting point of 110°. The mother liquors subse- 
quently yielded andro3tan-303)-ol (III) (see below). For debromination, 
the crystals (47.6 mg.), in benzene (1 ml.), were refluxed (2 hours) with 
potassium iodide (40 mg. , added in 2 ml. of absolute ethanol) . The diluted 
solution was extracted with ether, and the ether extracts were washed with 
10 per cent sodium hj'pcsulfite solution and water, and taken to dryness. 
Sublimation of the residue in a high vacuum gave 9.7 mg. of A^-androsten- 
(IV) which melted at 135-136.5° and showed [oId = —68.3° ± 2° 
(0.71 per cent in dioxane). Mixed with the coordination complex (m.p. 
133-134°) the melting point was 133-135°. 

The acetate of IV was prepared from the complex (380 mg.) by treatment 
with 5 ml. of acetic anhj'dride in the same volume of pj-ridine for 16 hours 
at room temperature. The crude product (3S3 mg. , m.p. 87-90°) , collected 
in the usual way with ether and washed free of pyridine and acids, was 
sublimed in vacuo at 95° and then crystallized from aqueous acetone to give 
292 mg. of colorless platelets which showed a j'ellow coloration with tetra- 
nitromethane in chloroform solution and which melted sharply at 93-94°. 
Butenandt and Suranji (8) record a melting point of 91-93° for A*-andro- 
sten-30)-ol acetate. Second grade material, melting at 83-86° and un- 
doubtedly contaminated with the acetate of androstan-30)-ol (III), was 
obtained on recrystallization of the mother liquors. 

Androstan-3(^)-ol {III ) — ^The saturated monoalcohol III was obtained 
(a) on hydrogenation of the coordination complex, and (6) was separated 
(as digitonide) from the products of bromination of the complex. 

The complex (26.4 mg.), in glacial acetic acid (2 ml.), was agitated in an 
atmosphere of hydrogen with 18.7 mg. of pre%iously reduced platinum 
oxide catalyst. Utilization of hydrogen ceased with an uptake of 0.77 
mole. After filtration from the platinum, the product (III) was obtained 
by extraction with ether and purified by sublimation at 120° in vacuo and. 
crystallization from aqueous ethanol (10 mg., m.p. 148-149°). 
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Ci»H„0. Calculated, C 82.54, H 11.67; found, C 82.52, H 11.68 
[a]” = +5.9“ ifc 7“ (0.27% in dioxane) 

Prelog, Ruzicka, and Wieland (4) record a melting point of 147.5-148“ 
and [a]” = +0.9° ± 0.9“ (chloroform). 

The mother liquors from the crystallization of A®-androsten-303)-ol 
dibromide (above) vere treated, in the presence of a slight excess of bro- 
mine, with 10 ml. of a 1 per cent ethanolic solution of digitonin. The pre- 
cipitate after 24 hours was collected, washed with ethanol and ether, dried, 
and dissociated in pyridine (5 ml.) in the manner previously described. 
Sublimation at 125° in vacuo of the ether-soluble residue gave 20 mg. of 
androstan-3(/3)-ol (m.p. 147-149°), identical by mixture melting point 
determination with the product obtained by hydrogenation. 

CijHjjO. Calculated, C 82.54, H 11.67; found, C 83.1, H 11.76 

Androstan-3-one {VIII) — (10 mg.) in 2 ml. of acetic acid, was oxi- 
dized -with chromic anhydride (10 mg.) for 16 hours at 4°, and then proc- 
essed as described for etiocholan-3-one. Sublimation of the neutral residue 
at 90° m vacuo gave 8 mg. of androstan-3-one (VIII) in the form of needles 
melting at 102-102.5°. 

A^-Androsten-S{3)-ol-7-one Acetate {IX) — Y (406 mg.), in 45 ml. of glacial 
acetic acid, was treated with chromic anhydride (360 mg. in 0.2 ml. of 
water) at 55° for 3 hours, when the solution was diluted (10 volumes) and 
extracted with ether (3 X 100 ml.). The combined ethereal extracts were 
washed with 2 n hydrochloric acid, n potassium hydroxide solution and 
water (each 3 X 75 ml.), and distilled. Crystallization of the residue from 
acetone-pentane gave rosettes of needles of crude IX (83.4 mg., m.p. 170- 
174°). The melting point was raised to 173.5-174.5° on recrystallization 
from ligroin and from ethanol (23.4 mg.). 

ChHi 70 (OCOCHj). Calculated, C 76.32, H 9.15; found, C 76.90, H 9.28 

The absorption spectrum (Fig. 1) exhibited €,„ax. == 11,200 at 234 mii. 

Androstan-3{3)-ol-7-one Acetate {X) — IX (37.0 mg.), in 2.0 ml. of acetic 
acid, was shaken in an atmosphere of hydrogen with 10.^ mg. of previously 
reduced platinum oxide catalyst until absorption of the gas ceased (45 min- 
utes) ; 2.28 moles were utilized. After removal and washing of the catalyst 
with acetic acid, the epimeric mixture of the 7-(oi and /3)-hydroxy com- 
pounds contained in the filtrate was o.xidized (16 hours at 4°) by the addi- 
tion of 40 mg. of chromic anhydride in 0.5 ml. of water. The neutral frac- 
tion was isolated wth ether in the usual way. Crystallization from ligroin 
yielded 30 mg. of X, melting at 110-113°. Mixed with the acetate of 
androstan-3(/3)-ol-a:-one (m.p. 105-107°) from equine pregnancy urine, the 
melting point was 71-90°. 
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Androslan-S(0)-al-7-one {XI ) — Sajwnificatioa of 28 mg. of the acetate X 
was effected ia 2 ml. of 4 per ceat ethanoUc pota^ium hydroxide solution 
(24 hours at room temperature). The product, collected by extraction 
with ether, was. sublimed in tacuo at 100-120“ to give 23.8 mg. of needles 
which crystallized from aqueous acetone in transparent leaflets (m,p. 
124-126.5°). Resublimation of the latter raised the melting point to 130- 
131°. The compound is precipitated with digitonin; the Zimmermaim (13) 
reaction is negative. 

CitHisOi. Calculated, C 78.56, H 10.41; found, C 78.63, H 10.S0 
[a)S = -63.7“ i 6“ (0.413% in dioxane) 

We nish to thank the Associate Committee on iledical Research of the 
National Research Council (Ottawa) and Charles E. Frosst and C!om- 
pany, Montreal, for the support of the investigation. One of us (A. F. M.) 
is much indebted to the Banting Research Foundation for a personal grant. 

SDiUIABY 

The Wolff-iEshner reduction of dehydroisoandrosterone gives A*- 
androsten-3(d)-ol and androstan-3(d)-ol, which form mixed crystals 
together, and etiocholan-3(a)-ol. O.xidation of A‘-andro3ten-3(d)-ol with 
chromic anhydride leads to A’-andro3ten-3(fl£)-ol-7-one which is reduced to 
andro3tan-303)-ol-7-one. The latter is not identical with the androstan- 
3(d)-ol-i-one excreted during gestation in the mare. 
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STEROIDS 


Vm. A COLORrMETRIC METHOD FOR THE ESTDUTIOX OF 
REDUCING STEROIDS* 

By R. D. H. heard and H. SOBEL 

(Prom the Department of Biochemistry, McGill Unirersity, Montreal, Canada) 
(Received for publication, June 8, 1946) 

The pioneer investigations of Kendall, Reichstein, "Wintersteiner, and 
collaborators (reviewed by Reichstein and Shoppee (2)) on the structure of 
the steroids of the adrenal cortex early revealed the strongly reducing sugar- 
like property of many members of this series (including all of the active 
hormones) which is imparted by the presence in the side chain of the prim- 
ary a-ketol grouping characteristic of fructose. To provide a simple 
chemical method for the estimation of small quantities of reducing steroids 
of tlus type, the reduction of phosphomolybdic acid to molybdenum blue 
has been quantitatively and satisfactorily standardized. 

In preliminary qualitative experiments the possible use of 2,6-dichloro- 
phenol indophenol as oxidant was explored. While the dye is decolorized 
by deso.xycorticosterone on being heated (sealed tube) at 100“ in an inert 
atmosphere, the slow rate of reduction and the requisite anaerobic condi- 
tions precluded a rapid and simple technique. With phosphomolybdic acid 
(Folin-Wu reagent (3)) in a medium of acetic acid, reduction takes place 
rapidly and is not appreciably influenced by atmospheric oxygen. Accord- 
ingly the latter reaction was selected for standardization. 

Development of the molj'bdenum blue color (Fig. 1), as measured in the 
photoelectric colorimeter at 650 to 660 lap, proceeds rapidly at 100° during 
the first 30 minutes, after which time the intensity gradient falls off sufS- 
ciently to permit reproducible results to be obtained at any arbitrarily 
chosen time interval thereafter. In practice, a period of heating of 1 hour 
is allowed for the development of the color. Under these conditions, a 
series of ten determinations on the same quantity of desoxycorticosterone 
showed agreement in the optical density' (log lo/I) of the resulting color 
within ±2 per cent. Verification of Beer’s law that the intensity of the 
color varies directly with the quantity of reducing substance was then es- 
established for desoxycorticosterone, 21-hydroxypregnenolone, and Ken- 
dall’s Compound E (Fig. 2). These standard curves may thus be applied 
to estimation .of any reducing steroid or suitable biological extract in terms 
of the reducing equivalent of whichever pure compound as may be selected 
as standard of reference. 

• PreUminary accounts have previously appeared (1). 
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ESTIMATION OP REOUCING STEROIDS 



Fio. 1. Rates of reduction of phosphomolybdic acid by 0.303 mil of a-ketolic 
steroids. The curve numbers correspond to the compound numbers listed in Table I. 



Fro. 2. Relation in intensity of molybdenum blue color to quantity of reducing 
steroid. • 

From a survey of the reducing characteristics of a large number of steroids 
(Figs. 1, 3, and 4; Table I) the following general conclusions have been 
reached concerning the relation between chemical structure and power to 
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cause reduction of phospbomolybi^c acid. The reference numbers to the 
various compounds are those assigned in Table I. 



Fig. 3. Rates of reducdon of phophomolybdio acid by 0.303 mu of the acetates of 
a-ketolic steroids. The curve numbers correspond to the compound numbers listed 
in Table I. 



Fig. 4.. Rates of reduction of phospbomolybdic acid by 0.303 mu of cr,/J-unsatu- 
rated 3-keto steroids. The curve numbers correspond to the compound numbers 
listed in Table I. 

Group .d — ^The aliphatic primary a-ketol grouping 

H O 

i li 

— c— C— CHiOH 


as in desoxycorticosterone and Ckimpounds 2 to 6 eshibita the strongest 
reducing properties. 






690 


ESTIMATION OP BEDUCING STEROIDS 


Table I 


Optical Density of Molybdenum Blue Produced by 0.303 mu of Steroids after 
Periods of Healing of 1 and 3 hours 

Arranged in order of density at 3 houra. 


1 

1 

i 

Common name 

Structure 

T 

Log j- 



1 hr. 

3 hrs. 

1 

Desoxycorticosterone 

A*-Prcgnen-21 -ol-3 , 20-dione 

0.69 

0.90 

2 

“ ace- 

1 tate 

ace- 

tate 

0.45 

0.88 

3 

' Debydrocorticosterone j 

A'‘-Pregnen-21 -ol-3, 1 1 , 20- trione 

0.60 

0.78 

4 

12-Ketodesoxycorticoster- 
one acetate | 

A*-Pregnen-21-ol-3, 12,20-trione 
acetate 

0.38 

0.74 

5 

21-Acetoxypregnenolone 

A’-Pregnen-3(j3) ,21-diol-20-one 
21-acetate 

0.33 

0.69 

6 

21-Hydroxypregnenolone 

A’-Pregnene-3(/J), 21-diol-20-one 

0.57 

0.68 

7 

Compound E (Kendall) 

A<-Pregnene-17 (/3) , 21-diol-3 ,11,- 
20-triono 

0.51 

0.65 

8 

Methyl testosterone 

17-Methyl-A‘-pregnen -17 («) -ol - 
3-one 

0.30 

0.60 

9 

None 

3(a),12-Dihydroxy-ll-ketocho- 
lanic acid 

0.33 

1 

0.54 

10 

“ 

Pregnane-3 (ot) , 12, 21 -triol -20- 
oue 21-acetatc 

0.22 

0.53 

la 

tt 

Cholestan-2(o)-ol-3-one acetate 

0.19 

0.51 

g 

Compound P (Reichstein) 
diacetate 

A1 lopregnane-3 (^) ,17 (/S) ,21 -triol- 
20-onc 3,21-diacetate 

0.21 

0.46 

13 

None 

Chole3tan-2GS)-ol-3-one acetate 

0.15 

0.42 

14 

Progesterone 

A^-Pregnen-3, 20-dione 

0.21 

0.38 

15 

None 

Potassium 3(a), ll(/3)-dihydroxy- 
12-ketocholanate 

0.24 

0.37 

16 

it 

3(a), ll(a)-Dihydroxy-12-keto- 
cholanic acid 

0.14 

0.36 

17 

Ethinylteatosterone 

17-Ethinyl-A''-andro3tene-17(a)- 

ol-3-one 

0.17 

0.31 

18 

cis-Teatoaterone 

A<-Androsten-17 (P) -ol -3-one 

0.17 

0.30 

19 

Androstenedione 

A^-Androstene-3, 17-dione 

0.16 

0.29 

20 

Cholestenone 

A'*-Cholesten-3-one 

0.17 

0.29 

21 

None 

3(a)-Hydroxy-ll,12-diketocho- 
lanic acid methyl ester 

0.09 

0.27 

22 

Testosterone 

A‘-Androsten-17 (a) -ol-3-one 

0.16 

0.26 

23 

17 -Hy droxypregnanolone 

Pregnane-3 (a) , 17-diol-20-one 

0.03 

0.12 

24 

7-Ketoohole3terol acetate 

A'‘-Chole3ten-3(|9)-ol-7-one ace- 
tate 

0.03 

0.09 

25 

Pregnenolone 

A®-Pregnon-303)-ol-20-one 

0.02 

0.09 

26 

None 

A‘-Chole3tene-3 , 6-dione 

0.02 

0.09 

27 

Pregnanedione 

Pregnane-3, 20-dione 

0.02 

0.08 
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Table I — Concluded 


Compound 

No. 

Cosunoa name 

Structure 

Lo 

1 hr. 

3 hrs. 

28 

a-Estradiol 

^t-iA-Estratriene-S , 17 (a) -diol 



29 

Estrone 

A'->A-Estratrien.3-oI-17-one 



30 

Estriol 

A‘.».s.Estratriene-3, 16, 17, -triol 



31 

Cholesterol 

a‘-Cholesten.3G3)-ol 



32 

Allocholesterol-isoallocho- 

A‘-Chole3ten.3(a and ^)-ol 








33 

None 

3(a)-Acetoxy-12-keto-A*'U- 

0.00 

<0.04 



cholenic acid 



34 

U 

Chole3tane-3(^), 7(ar)Aiol-6.one 





diacetate 



35 

u 

Chole3tane.3(5), 70)^iiol-6-<ine 





diacetate 




We are grateful to Dr. T. F. Gallagher tor apecimens of Compounda 9, IS, 16, and 
21, to Dr. E. C. Kendall for Compounda 3, 7, and 33, and to Dr. S. Liehennan for 
Compound 23. Compound 32 waa prepared by the method of Sehoenheimer and 
Evana (4) and Compound 26 by the method of Mauthner and Suida (5). In this 
laboratory our thanlm are due to Miss D. Sainte-Marie and Mr. H. Falk for the 
preparation of Compounds 4 and 10 by a modification of the method of Fuchs and 
Ueichatein (6), and to iCss J. Cohen for the isolation of Compound 12 from an ad- 
renal cortical fraction kindly provided by The Upjohn Company, through the 
courtesy of Dr. M. H. Kuizenga. The preparation of the cyclic a-ketols. Compounds 
11, 13, 34, and 35, will shortly be described by one of us (R. D. H. H.) in collaboration 
with Dr. B. K. Wasson; in each epimeric pair the $ configuration has tentatively been 
assigned to the isomer with the lower melting point and the more negative rotation. 
For supplies of Compounds 2 and 5, we are grateful to Dr. C. R. Scholtz, of Ciba 
Pharmaceutical Products, Inc., and to Dr. E. Schwenk, of the Schering Corporation. 

Group B — The reducing power of the steroids of Group A is diminished 
slightly by the presence of a tertiary hydroxy group at C17; i.e., the 

OH O 

I a 

— C— C— CHjOH 

I 

side chain of Kendall’s Compound E (compare Compounds 7 and 3, and 
12 and 6). 

Group C — Acetylation of the primary alcoholic function of Groups A 
and B diminishes the rate of development of the blue color but not the 
intensity finally attained after a 3 hour period of heating (compare Figs. 3 
and 1, and Compounds 2 and 1, and 5 and 6). Presumably hydrolysis of 
the acetate takes place slowly in the acid reaction medium to release the 
free ketol. 
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Group D — Substitution of a ketonic oxygen atom at Cu or Cu adversely 
influences the reducing capacity of the a-ketol side chain (compare Com- 
pounds 3 and 1, 4 and 2, and 10 and 5). 

Group E — A tertiary a-ketol (Compound 23) is essentially non-reducing. 

Group F — Cyclic secondary a-ketols in Ring A, as acetates (Compounds 
11 and 13), and in Ring C, as free ketols (Compounds 9, 15, and 16), exhibit 
reducing power of the same order as that of the aliphatic primary a-ketols. 
Ring B ketols (Compounds 34 and 35), as acetates, fail to reduce, but the 
saponification product of Compound 35 (m.p. 202-203°) and the choles- 
tane-3(/3),7(?)-diol-6-one (m.p. 179°) described by HeUbron, Jones, and 
Spring (7) are strongly reducing; the inertness of the acetates. Compounds 
34 and 35, is accordingly ascribed to failure of the acid medium to effect 
hydrolytic removal of the 7-acetoxyl groups. 

In the case of both epimeric pairs studied (Compounds 11 and 13, and 
15 and 16), there is an appreciable difference between the rates of reduction 
shown by the cis and trans isomers, which is still more marked in the case of 
the free ketob presumably corresponding to the acetates. Compounds 34 
and 35. These preliminary observations strongly indicate that relative 
reducing power may prove valuable in the establishment of the configura- 
tion of secondary hydroxyl groups vicinal to a ketone in the steroid ring 
system; investigations in this cormection are being extended. 

Group G — ^An a, (3-dike tone (Compound 21) is moderately reducing. 

Group H — a,(3-Unsaturated 3-keto steroids, void of a ketol grouping in 
the molecule (Compounds 8, 14, 17, 18, 19, 20, and 22) show a reducmg 
potential of the same order as the aliphatic and cyclic ketolic compounds 
not possessing the a,^-unsaturated 3-ketonic linkage. In the presence of 
both functions, the reducing power is approximately the sum of the two 
contributions. 

Group I — Without reducing power are (o) a,(3-unsaturated 7- and 12- 
keto steroids (Compounds 24 and 33), (b) A^- and A^-3-hydroxy compounds 
(Nos. 25, 31, and 32), and (c) the estrogens (Compounds 28, 29, and 30). 

Exceptions to the above generalizations are to be found in the behavior 
of methyltestosterone (Compound 8) and A*-cholestene-3,6-dione (Com- 
pound 26) . The former is much more strongly reducing than the other six 
a,|8-unsaturated 3-ketones which were examined (Fig. 4), wliile the latter 
shows no appreciable reducing power. No explanation of the anomalous 
behavior of methyltestosterone is apparent. The non-reducing character 
of the doubly conjugated diketone (Compound 26) may be ascribed to the 
highly enolic nature of this system, which is evidenced by the ease with 
which enol esters are formed (5) and by the absorption spectrum data 
(Fig. 5). The main band in neutral ethanol (cmox. = 10,600 at 251.5 mju) 
is depressed and shifted toward the violet in the presence of alkali (tmax. — 
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10,000 at 259 in;i). Contrariwise, with a simple a,/3-unsaturated 3-ketone 
such as cholestenone (Compound 20), which is moderately reducing, the 
position and intensity of the main resonance band = 15,000 at 240 
mu) are unaltered by the addition of alkali, but the secondary ketone band 
(f— - = 140 at 290 to 296 is shifted and depressed (ecii. = 127 at 302 
m/i). These facts are taken to indicate that Compound 20 exists in solu- 
tion mainly in the keto and Compound 26 mainly in the enol state. 

Recently Talbot el al. (8) have applied to the estimation of certain 
adrenal steroids Nelson’s modification (9) of the classical Folin-Wu method 

u 


10 


8 

£ 

6 


Z- 

Fig. 5. Absorption spectrum of A<-chole3tene-3,6-<Jione in neutral (Curve .4) and 
alkaline (Curve B) ethanol. The scale of the ordinate represents the molecular ex- 
tinction coefficient. 

for the determination of blood glucose. In this procedure, cupric ion serves 
as the primary o.xidizing agent and the resulting cuprous ion in turn reduces 
arsenomolybdic acid to the blue chromophore. In order to compare the 
specificity of the two methods, it was found necessary to alter the com- 
position of the reagents used by Talbot et al. (8) because of the extreme 
insolubility of most steroids in the usual aqueous alkaline copper solution. 
Ethanol (50 per cent) served as solvent medium, and to prevent the pre- 
cipitation of sodium sulfate from the Nelson copper reagent, this salt was 
omitted; reduction of cupric ion was indicated by the formation of the 
usual blue color with phosphomolybdic acid. Under these conditions, the 
aliphatic p rimar y a-ketol and the Ring A cyclic a-ketol groupings are 
strongly reducing, while a,^-unsaturated 3-ketones are not. Negative, or 
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doubtfully positive, results were observed with compounds containing a 
cyclic a-ketol grouping in Ring C; insolubility in the medium may limit 
the reaction in some of these cases. 

EXPERIMENTAL 

Reagents — 

Phospho7nolybdic acid solution, according to Folin and Wu (3). 

Glacial acetic add, analytical reagent grade, distilled from chromic 
anhydride. 

Phosphomolybdic acid reagent, a solution made up of equal volumes of 
phosphomolybdic acid solution and glacial acetic acid (the precipitate 
formed on addition dissolves on mixing). 

Method of Color Development and Estimation — The following procedure 
was finally adopted after preliminary investigations led to satisfactory 
methods of control of certain variable factors (discussed below). 

A solution (0.10 ml.) of the appropriate steroid in glacial acetic acid, of 
such concentration that the stated vohune contains the reducing equiva- 
lent of approximately 100 y of desoxycorticosterone, is introduced into the 
bottom of a micro test-tube (75 by 8 mm. internal diameter). The reagent 
(2,00 ml.) is then added, and, after mixture by shaking, the tube is placed 
in a boiling water bath (see below) for precisely 60 minutes. On removal, 
it is immediately cooled (30 seconds immersion in a beaker of cold water), 
and the contents are quantitatively transferred with 8.00 ml. of the reagent 
to one of a pair of optically matched Evelyn colorimeter tubes (internal 
diameter 2.0 cm.). On admixture, air bubbles form, which, because of the 
viscosity of the solution, require a period of 90 seconds to rise to the surface. 
The optical density is then read within the next 4 minutes at 650 to 660 mp 
(Filter 660 with the Evelyn colorimeter; Filter 650 with the Lumetron 
colorimeter). 

A blank determination with 0.10 ml. of glacial acetic acid and 2.00 ml. of 
reagent is run simultaneously and in the same way, which serves as the con- 
trol for the adjustment of the colorimeter to zero optical density. In this 
a visible yellow coloration develops on heating, but it is not apparent after 
dilution to 10.1 ml. with the reagent. Compared to water, the blank solu- 
tion absorbs very slightly at 650 to 660 m^, but the optical density remains 
constant regardless of the period of heating. Accordingly it is seemingly 
needless to carry out a control with every determination, but this is advis- 
able as a safeguard against the contamination of the reagent with any sub- 
stance which may reduce phosphomolybdic acid at the elevated tempera- 
ture. 

The lunit of error in the development and reading of the color is approxi- 
mately ±2 per cent. Ten repeat estimations of aliquots (101 y) of a solu- 
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tion of desoxycorticosterone gave optical densities of 0.67 (tivice), 0.68 
(six times), and 0.69 (twice). 

Temperaiure Control during Development of Color — ^The extreme impor- 
tance of maintaining a uniform thermal emironment during the develop- 
ment of the color is weU illustrated (Table II) by the significant differences 
in the intensity of the blue color observed on heating 0.303 mii of methyl- 
testosterone with 2.00 ml. of the reagent (a) in a moderately boiling water 
bath (standard conditions) and (6) in a gently boiling bath. 

Satisfactory control of this variable was achieved by maintaining a con- 
stant heat input into a constant volume bath, and by immersing the tubes 
to the same depth on aU occasions. A steam-heated bath was employed. 


T.4BLE II 

TemperatuTr Control during Development of Color* 


TIzae of heating 

Optical density 

Moderately boOIng bath (standard 
conditions) 

Gently bcillcg bath 

eim. 

15 

o.os 

0.07 

30 

0.17 

0.14 

•JS 

0.24 

0.20 

60 

0.30 

0.27 

90 

0.39 

0.36 

120 1 

0.48 

0.46 

180 

0.60 

0.56 


• 0.303 mM of methylteatosterone; apart from the rate of boiling of the bath, all 
other conditions were maintained constant. 


with the inlet needle valve always opened to the same aperture (main- 
tenance of a moderate degree of boiling). The water input regulator was 
adjusted to keep the level 1 inch below the top enclosure (concentric rings) 
of the vessel, and the test-tubes were suspended from the latter by means of 
spring clothes-pins clamped close by the lip of the tube, which insmed 
immersion in the boiling water of the lower portion of the tube to a depth of 
1-J inches. Under these circumstances, numerous control estimations of 
desoxj’corticosterone, made over a jjeriod of 2 years, consistently agreed 
with the original standard ciuwe within ±3 per cent. Closer agreement, if 
desired, may probably be realized by the use of a thermostatically con- 
trolled, electrically heated oil bath maintained at 100°. 

Because of the wide variation of color intensity with time, and particu- 
larly with temperature, it follows that the standard curves and rate of 
reduction ciuves obtained under s ligh tly different conditions in other 
laboratories may depart appreciably from those recorded here. 
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Influence of Nature of Phosphomolybdic Acid Reagent and of Various 
Diluents on Development and Stability of Color — ^While the Folin-Wu 
phosphomolybdic acid solution alone is suitable for estimation of those 
crystalline steroids which are moderately soluble in water, its application 
to the neutral fraction of urine leads to a cloudy solution which must be 
cleared by extraction with ether before the intensity of the blue color may 
be determined. By the solvent action of the acetic acid contained in the 
phosphomolybdic acid reagent, this difficulty is obviated and a more intense 
blue color results. 

Table III illustrates the effect of various diluents on the intensity and 
stability of the color produced on heating 117 7 of desoxycorticosterone 
with 2.0 ml. of the phosphomolybdic acid reagent for 1 hour. Dilution 
with the same reagent is requisite to maximum color intensity and stability. 

Construction of Standard Curves and of Rate of Reduction Curves — ^The 
standard curves (Fig. 2) were arrived at by ascertaining the optical density 
of the molybdenum blue color produced by the heating for 1 hour of the 
recorded amounts (each in 0.10 ml. of glacial acetic acid) of the appropriate 
steroid. 

Each of the rate of reduction curves, illustrated in Figs. 1, 3, and 4 and 
recorded in Table I, was constructed from a series of seven determinations 
reached by heating for the periods of time indicated 0.303 mM of the appro- 
priate steroid (dissolved in 0.10 ml. of glacial acetic acid). This quantity 
represents the equivalent of 100 y of desoxycorticosterone. 

Reference Standard — Desoxycorticosterone has been selected as the 
standard of reference because it is the most strongly reducing and most 
readily available adrenal cortical steroid. 

Crystalline desoxycorticosterone, prepared by saponification of the ace- 
tate with ICHCO3 at room temperature (the method of Reichstein and von 
Euw (10)), has a melting point of 141.5-142.5°. On storage for several 
months in a stoppered vial, the melting point falls (softens at 131°, flows 
at 138-141°), commensurate with which there is a diminution in reducing 
power of about 3 per cent. One recrystallization from ether yields a prod- 
uct identical with the freshly prepared material in these respects. In 
glacial acetic acid solution at room temperature, there is detectable loss of 
reducing capacity within 1 to 2 weeks; kept frozen and tightly stoppered in 
the refrigerator, the solution remains stable for many months. 

Reduction of Cupric Ion — ^The following modification of the procedure of 
Talbot et al. (8) was adopted qualitatively to compare the behavior of the 
various reducing steroids in the two methods. 

The material (0.1 mg. in 1.0 ml. of redistilled ethanol) was introduced in 
a Folin-Wu tube and 1.0 ml. of alkaline copper reagent was added. The 
latter was prepared as described by Nelson (9), except for the inclusion of 
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sodiiun sulfate. After miving, the contents of the tube were heated in the 
boiling bath for 20 minutes, cooled, treated with 2.0 ml. of phosphomolybdic 
acid reagent, and immediately diluted with ethanol (50 per cent) to 25 ml. 

Table III 


Effect of Diluent on Intensity and Stability of Color 


Diluent (SJ> mi.) 

Time after dHution* 

Optical density 


xstn. 


Phosphomolybdic acid reagent 

0 

0.81 


1 

0.81 


2 

0.81 

i 

3 

0.81 


4 

0.81 


5 

0.81 


6 

0.81 


10 

0.81 

Phosphomolybdic acid solution 

0 

0.70 

1 

1 

0.68 


2 

0.68 


3 

0.68 


4 

0.68 


5 

0.70 


7 

0.70 


10 


Acetic add (50%) 

0 

0.75 


1 

0.75 


3 

0.75 


5 

1 0.74 


7 

0.73 


10 

‘ 0.73 

Water 

0 

0.57 


1 

0.56 


3 

0.55 


5 

0.55 


7 

0.51 


10 

0.52 


* Time zero is read after 90 seconds have elapsed for the clearance of air bubbles 
formed on adnu.'cture after dilution. 


The blue color developed was then compared in the usual way against the 
reagent blank, similarly treated. 

Compoimds 1, 2, 5, 6, and 13 rapidly and strongly reduced cupric ion. 
Progesterone failed to react, and with Compounds 9, 15, and 16 essentially 
negative results were observed, but in these instances limited solubility in 
the medium renders the interpretation doubtful. 
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In support of the investigation we are grateful to the Committee on Re- 
search in Endocrinology of the National Research Council (Washington), 
the Associate Committee on Medical Research of the National Research 
Council (Ottawa), and the Faculty of Medicine of McGill University 
(Cooper Fund). Our thanks are due to Miss L. Groth for skilful technical 
assistance. 


SUMMARY 

1. The reduction of phosphomolybdic acid to molybdenum blue has been 
applied to the quantitative estimation of small quantities (10 to 100 y) 
of reducing steroids of the adrenal cortical hormone class. 

2. The reaction is given by steroids containing a primary or secondary 
(but not tertiary) a-ketol function, an a,/3-imsatm’ated 3-ketone group, 
or both. 
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THE NEUTEAL LIPIDE-SOLUBLE REDUCING SUBSTANCES 
OF URINE AS AN INDEX OF ADRENAL 
CORTICAL FUNCTION* 

By R. D. H. heard, H. SOBER, axd ELEAN'OR H. VEXNKG 

{From the Department of Biochemistry, McGill University, and the McGill University 
Clinic, Royal Victoria Hospital, Montreal, Canada) 

(Received for pufalicatioa, June 8, 1346) 

The colorimetric method for the estimation of the reducing steroids, re" 
ported in the preceding communication (2), was explored with the aim of 
providing a simple chemical procedure for the determination of urinary 
“cortin,” which might be applied as an index of adrenal cortical function. 
All of the known phj'siologically active adrenal cortical steroids contain 
(a) an a,/3-imsatur3ted 3-ketone and (6) a primary a-ketol side chain at 
Cj 7 . As both groupings are strongly reducing (2), and in the absence of 
either no appreciable biological activity is retained, it is reasonable to sup- 
pose that the active substance or substances of urine possess the same essen- 
tial groupings, and that the neutral water-insoluble, lipide-soluble reducing 
substances of urine should be comprised, at least in part, of the active ex- 
cretory products. The present conummication describes the application 
of the chemical method to the appropriately fractionated urine extracts, and 
reveals a marked parallelism in cases of experiinental and clinical adrenal 
hypo- and h)fperfunction between urinary reducing capacity (2) and the 
power to cause deposition of glycogen in the liver of adrenalectomized 
mice (3). 

Trial e.xtractions of aqueous solutions of desoxj’corticosterone and of 
urine containing added desoxycorticosterone showed that three extractions 
with ether removed only about 80 per cent of the hormone, whereas the 
use of ethylene dichloride or of ether-chloroform (4.' 1) resulted in quantita- 
tive recovery (Table II). Adoption of the latter solvent mixture was re- 
sorted to because of the troublesome emulsions encountered with ethylene 
dichloride. Phenols and acids are then removed in the usual way by wash- 
ing nitb 0.1 N sodium bydro.xide solution, and the residual neutral extract, 
after evaporation to drj-ness at low temperature, is sufnciently purified for 
the application of the previously described color test (2). 

The hydrogen ion concentration at which the urine is e.xtracted markedly 
influences the quantity both of the active and of the total reducing sub- 
stances which is recovered. On acidification to Congo red (pH 1 to 2 
approximately) and immediate extraction, the biological titer is appro.xi- 
mately twice that obtained on processing an afiquot of the same urine at 

• Prelhmnary accounts have previously appeared (1). 
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pH 7 (3). Likewise reducing power increases with decreasing hydrion con- 
centration (Table III), the value at pH 2.0 (glass electrode) being 2 to 3 
times that at pH 7. Over the range pH 2.0 to 0.5, which has not yet been 
examined with respect to the behavior of the active material, there is a pro- 
gressive increase in the amoimt of reducing substances removed. In more 
strongly acid solution, however, (approximately 0.75 N sulfuric acid) and 
by the application of heat, there is marked destruction of reducing capacity 
(Table IV); desoxycorticosterone, similarly treated in aqueous solution, 
loses much of its reducing power. These behaviors, in the presence of acid 
of varying concentrations, render imperative the arbitrary choice and 
rigid control of hydrion concentration. In the practical procedure, pH 1.0 
(glass electrode) has been adopted. Whether acidification of the urine 
effects hydrolysis of water-soluble conjugates, or simply admits of more 
complete extraction, is an important but unsettled question. Apparently 
the latter holds for the larger part of the reducing substances. In one ex- 
periment (Urine 3, Table III), urine which assayed 8 y per 100 ml. on ex- 
traction at pH 7, and 20 y on extraction immediately after acidification to 
pH 2.0, gave only 9 y when an aliquot was acidified to pH 2.0 and then 
neutralized to pH 8.0 and processed. 

With the object of correlating the reducmg power of the neutral lipide- 
soluble fraction with adrenal cortical function, the excretion of reducing 
substances by the male dog was examined following (a) unilateral adrenal- 
ectomy,^ (b) bilateral adrenalectomy, (c) the intravenous administation of 
cortical extract, and (d) the subcutaneous administration of anterior lobe 
extract. To avoid contamjnation from feces, urine was collected through 
a rubber tube surrounding the penis. The output of reducing substances 
is accordingly expressed in relation to creatinine excretion rather than to 
time, and is calculated as the equivalent of desoxycorticosterone (in micro- 
grams) excreted per rag. of creatinine. The first experiment, designed to 
study the effect of adrenalectomy on urinary reducing power, was con- 
ducted before the importance of control of hydrion concentration at the 
time of extraction was realized; unacidified urine was therefore processed 
throughout. Values over the control period ranged from 0.61 to 0.73 y. 
With the removal of the left adrenal, a gradual decline to 0.23 y occurred 
over 10 days, followed, during the succeeding 48 days, by a steady rise to 
1.25 7 , which may possibly signify compensatory hypertrophy of the re- 
maining adrenal. The second gland was then extirpated. To protect the 
animal against the stress of the operation, cortical extract (Connaught 
Laboratories, 15 ml. in all) was administered on the day of the operation 
and those immediately preceding and following. Intravenous glucose- 
saline solution was given daily until death. 4 hours after the last injection 

' We are much indebted to Professor H. Selye for the performance of the opera- 
tions. 
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of cortical extract, the urinary reducing power was 1.66 y, and 12 hours 
thereafter, 0.50 y. A steady fail then set in to a minimum value of 0.28 y, 
reached on the 6th postoperative day, after which time the animal re- 
mained prostrate and would no longer accept food. During the next 72 
hours, the output increased to 0.76 y. Jib further specimens of urine could 
be obtained, and death resulted 7 days later in spite of efforts to revive the 
animal with cortical extract. Demonstrated is a diminution, by at least 
66 per cent, in the excretion of reducing substances following ablation of 
each gland, and a marked rise after the administration of cortical extract. 



Fio. 1. The excretion of nentral lipi(ie.soluble reducing substances by the intact 
dog, and following tbe administration of adrenal cortical and of anterior lobe extract. 
Scale of the left ordinate (solid curve) = urinary reducing substances, expressed as 
tbe equivalent of desoxycorticosterone (in micrograms) excreted per mg. of creat- 
inine. Scale of tbe right ordinate (broken curve) = creatinine output in mg. per 
diem. Administration A = single intravenous injection of 70 ml. of cortical extract 
(reducing equivalent = 9.1 mg. of desoxycorticosterone). .Idministration B = 
subcutaneous injections over 6 days of 165 mg. of tbe product obtained from lyophil- 
ized anterior lobe on application of tbe method described by Keiss and Galla (6) for 
tbe extraction of corticotropin (see tbe text). Admim'stration C = subcutaneous 
injections over 5 days of 2.4 gm. of lyophilixed anterior lobe suspended in saline. 
Administration D = subcutaneous injections over 3 days of 1.4 gm. of lyopbiliied 
anterior lobe suspended in saline. 


The apparent increased output 6 days after bilateral adrenalectomy may 
be attributed to reduced creatinine clearance and the development of 
acidosis, conditions which would be expected immediately before death, and 
which would lead to fallaciously high values when the output of reducing 
substances is ascertained from urine e.xtracted at undetermined and var- 
iable hydrion concentrations and computed in terms of creatinine excretion. 

The relation between urinary reducing power and adrenal function is 
more strikingly illustrated in the intact nnim.al following the intravenous 
supply of cortical hormones and following the stimulation of the adrenals 
with anterior lobe extract (Fig. 1). In this instance, aU specimens of urine 
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■were extracted at pH 1.0 and the daily creatinine output was shown to re- 
main constant thi’oughout. Excretion of reducing substances over the 
control periods ranged from 1.7 to 2.2 -y. Following a single intravenous 
injection of 70 ml. of cortical extract (Administration A, Fig. 1), containing 
the reducing equivalent of 9.1 rag. of desoxycorticosterone, the output at 
3 and 6 hours was approximately twice normal (respectively 3.28 and 2.86 y) 
but reached normal limits at 12 hours. The increased excretion over this 
period amounted to 0.31 mg., a recovery of 3.4 per cent of the equivalent 
administered. Higher recoveries, based on biological estimations, are re- 
ported in the literature; Harrop and Thorn (4) observed the excretion of 
10 per cent of the activity (effect on salt and water metabolism) of an ex- 
tract given intravenously to the dog, and Venning, Hoffman, and Browne 
(5) found that relatively large doses of extract administered intravenously 
to patients led to the elimination of 7 to 12 per cent of the active substances 
(cold exposure test) in the urine. After a rest period of 2 weeks, the effect 
of stimulation with hypophyseal extracts was examined. In the first in- 
stance (Administration B, Fig. 1), injected subcutaneously over 6 days 
was a total of 165 mg. of the product obtained from lyophilized anterior 
lobe- by the application of the method described by Reiss and Galla (6) for 
the preparation of purified corticotropin from fresh pituitary tissue. Ir- 
regular urine values followed. Subsequent bioassay of this preparation in 
the hypophysectomized rat’ by the method of Reiss el al. (7) showed a neg- 
ligible corticotropin content. On the other hand, the administration (C, 
Fig. 1) of a saline suspension of 2.4 gm. of lyophihzed whole anterior lobe’ 
over a period of 5 days caused a slow and prolonged rise with a ma.\imum 
output of 3.55 y attained on the 9th day from the start of treatment. 
After return to the mean level, which requu'ed 17 days, the experiment was 
repeated at a lower dose level (1.4 gm.; Administration D, Fig. 1), with a 
similar response, less intense (maximum 2,9 y) and less protracted (6 days). 

With the experimental demonstration of correlation between urinary re- 
ducing power and cortical function, corroboration on clinical material was 
sought (Table I). Except in the determination of the normal values, ali- 
quots of the same urine specimens were assayed by the chemical procedure 
and by the biological method of Venning, Kazmin, and Bell (3), the cri- 
terion of which is the deposition of glycogen in the liver of the adrenalec- 
tomized mouse. With the latter method, the results are e.xpressed as the 
equivalent (in micrograms) of Kendall’s Compound E e.xcreted -per diem 
(designated as “E” units). 

Normal adult values were established from a seiies of single determina- 
tions, each on a different individual. The observed daily outputs of reduc- 

» Kindly provided by Professor H. Selye. 

> Our thanks are e.\tended to Dr. E. C. Hay for this assay. 
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ing substances in nine men were respectively 1.13, 1.19, 1.29, 1.34, 1.42, 
1.44, 1.S7, 2.05, and 2.06 mg. (average 1.53), and in nine women, 1.02, l.Oi, 
1.08, 1.15, 1.22, 1.29, 1.32, 1.92, and 2.01 mg. (average 1.34). By means of 


Table I 

Excrelion of Reducing Substances and of Active “Cortin,” under Physiological 
and Pathological Conditions 


Subject 

Reducjgg power 



Ratio to 

EQXDilf 

Ccspcuud 
£ per dxy 

lUlio to 


rif. per i^y* 


1 


Kormal adult men 

1. 1-2.1 


45-77 


Average (9 subjects) 

1.53’ 

1.0 

62 

1.0 

Normal adult women 

1.0-2.0 


25-55 


-■Average (9 subjects) 

1.34 


39 

1.0 

Normal males, 2.5 yrs. 

0.32 

HoBI 

34 

0.55 

“ " 3 “ 

0.47 


42 

0.63 

“ “ 5.5 “ 

0.70 

0.46 

53 

0.85 

<< (< Y n 

0.79 

0.52 

58 

0.94 

Panhypopituitarism, Case 1 9 

0.47 





0.44 

0.29 

05 

0 

“ “2 0" 

0.62 

0.40 

05 

0 

Cushing’s syndrome ( 9 ) 

4.S0 

3.6 

212 

5.4 

Pregnancy, 11 Case 1 

2.48 

1.9 

111 

2.8 

tt tt ey 

2.63 

2.0 

125 

3.2 

Bums.^ Case I cf , 4 days 

3.0 

2.0 

121 

2.0 

" “ “ cr,24 “ 

2.4 

1.6 

63 

1.0 

“ “ “ cf, 45 “ 

O.&i 

0.55 

55 

0.S9 

” “ L cf, 4 “ 

3.4 

2 2 

ISO 

2.9 

“ “ “ cf , 24 “ 

2.6 

1.7 

68 

1.1 

“ “ “ cf , 45 “ 

0.85 

0.56 

44 

0.71 

“ “ C cf, 4 “ 

2.7 

1.8 

102 

1.6 

“ “ “ cf, 24 “ 

1.2 

0.78 

44 

0.71 


* Expressed as the reducing equivalent of desoxyeorticosterone. 
t Calculated as the proportion of the average daily output of normal adult sub- 
jects of the appropriate sex. 

t Compared by the power to cause deposition of glycogen in the liver of the 
adrenalectomized mouse (method of Venning, Kazmin, and Bell (3)), and e-xpressed 
as the biological equivalent of Kendall's Compound E. 

§ 8 hour excretion. 

11 9th month of gestation. 

‘i First and second degrees; 25 to 40 per cent surface area. Time is recorded as 
the number of days following damage. 

bioassay on different subjects it was fotmd that ten males excreted respec- 
tively 65, 55, 55, 66, 45, 77, 70, 55, 70, and 60 “E” units per diem (average 
62) and twelve females, 25, 35, 42, 33, 55, 25, 45, 40, 35, 35, 55, and 45 
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(average 39). The average output of women is thus lower than that of 
men (63 per cent, by bioassay; 88 per cent, by the chemical test), but the 
differences are not statistically significant. Also, by either criterion, the 
magnitude of the fluctuation in the daily excretion of the same individual 
on different occasions is of the same order as between different inidviduals 
of the same sex. One normal male subject gave reducing values of 1.80, 
1.95, and 1.40 mg. per diem from December 14 to 17, 1944, and 1.18, 1.54, 
1.30, 1.31, and 1.63 from January 2 to 6, 1945; variation similiar in degree 
was encountered in women, with no apparent relation to the stage of the 
menstrual cycle. Based on glycogen deposition, the daily output of an- 
other normal male, assayed every other day for 2 weeks, was 46, 60, 49, 53, 
58, 71, and 69 “E” units. 

In the two cases of adrenal hypof unction (panhypopituitarism), the ob- 
served urinary reducing power is about one-third normal, while no glycogen 
activity was detectable in 8 hour urine specimens. On the assumption 
that adrenal cortical function is reduced to a minimum in these instances, 
it follows that a certain portion of the neutral lipide-soluble reducing sub- 
stances of the urine is not of adrenal origin. In the unlikely event that no 
cortical function is retained by these subjects, the output of extraneous 
reducing substances is of the order of 0.5 mg. per diem; otherwise, the re- 
sidual value must be somewhat lower. Likewise, in the adrenalectomized 
dog described above, the lowest value encountered after extirpation of the 
glands was approximately one-third of the normal value; however, the 
possible fallacies in the interpretation of the results of this particular ex- 
periment have already been pointed out. 

Conversely, with adrenal hyperfunction, as in Cushing’s syndrome and 
under the stress imposed by severe thermal damage and by gestation, the 
increased output of urinary “cortin” is accompanied by a commensurate 
and comparable rise in the excretion of reducing substances. By either 
test the observed increment is roughly 2 to 4 times the normal value 
(Table I). 

Obviously it does not follow that a strict parallelism between the two 
criteria should prevail. Marked physiological activity, with respect to 
carbohydrate metabolism, is, in the light of present knowledge, depend- 
ent upon the presence in the steroid molecule of three functions, (a) the 
a,/3-unsaturated 3-ketone grouping, (6) an alcoholic or ketonic oxygen atom 
substituted in the 11 position, and (c) the C 20-21 a-ketol side chain, whereas 
reducing power is conferred by either (a) or (c) alone (2). Therefore it is 
conceivable that there may be many excretory products of cortical origin 
which retain power of reduction but which exhibit no biological activity. 
In instances of burns. Cases I and L, 24 days after damage, when the pa- 
tients had not yet convalesced, the output of active material was normal. 
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while that of the reducing substances still remained high; after convales- 
cence and rest (45 days), both determinations gave subnormal values. 
Conversely, with advancing age in children, the normal adult e.xcretion of 
“cortin” is approached more rapidly than that of the reducing substances; 
this behavior and the changes at puberty are being investigated more fully. 

Talbot el al. (8) have also examined the relation of urinary reducing power 
to cortical fimction. Their procedure differs from that described herewith 
in three respects: (a) the urine is not subjected to acid treatment prior to 
e.xtraction with chloroform, (b) it is more completely fractionated, in that 
the total lipide-soluble neutral residue is partitioned between benzene and 
water* before the final estimate is made on the ketonic components (sepa- 
rated with Girard’s reagent) of the water-soluble portion, and (c) the reduc- 
tion of cupric ion forms the basis of the colorimetric method. While in the 
data of Talbot el al. parallel biological estimations are not recorded, there 
is excellent general agreement between the results obtained by the two 
chemical methods. For normal subjects the Boston group finds an output 
of 0.12 to 0.34 (average 0.24) mg. per diem extractable from unacidified 
urine, as against averages of 1.3 (females) and 1.5 (males) extracted at pH 
1.0, which are roughly 4 to 5 times the values obtained in processing at pH 
7.0 (Table III). While the figures of Talbot el al. show no appreciable 
differences between sexes, it is our finding that the excretion of the female is 
lower than that of the male. In cases of adrenal hypofunction (Addison’s 
disease and hypopituitarism), they record outputs of appro.ximately one- 
half normal, which again suggests that a proportion of the neutral reducing 
substances of mine is of extra adrenal origin. Conversely, in cases of ad- 
renal hyperfimction (Cushing’s syndrome, \irilism), and in the post- 
operative state, values several times normal are observed by either method. 

experhient.al 

Reagents — 

Ether — U. S. P. grade is distilled through a vertical column (90 cm. in 
height, and packed with 1 cm. glass collars), e.xtracted twice with concen- 
trated sulfuric acid (25 ml. to each liter of ether), and, without washing \vith 
water, again distilled. Without the sulfuric acid treatment, the quantity 
of ether employed in the e.vtraction may give rise to an appreciable blank 

‘ The statement of Talbot el al. (8) that “only corticosteroids with an oxygen on 
the 11th carbon atom will tend to pass readily from benzene to water under the con- 
ditions used here” in not substantiated by their data (see also Mason, Myers, and 
Kendall (9), Reichstein and Shoppee (10), and Kuizenga (11)). While the CaO, com- 
pounds, which include 17-hydroxycortico3terone and Compound E, are recovered 
quantitatively from the aqueous phase, so also is an 11-desoxy compound, A‘-preg- 
nene-17,20,21-triol-3.one. In the CaO, series, corticosterone and dehydrocorti- 
costerone remain mainly in the benzene (respectively 57 and 71 per cent). 
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color. Stored in the refrigerator, the ether remains stable for at least 2 
weelis. 

Chloroform — ^Analytical reagent grade is freshly distilled, 

Ether-Chloroform — A 4:1 mixture of the two solvents is prepared imme- 
diately before the extractions are carried out. While a check for the 
presence of reducing substance in each batch of solvent is desirable, we have 
not encountered contamination in this respect when the ingredients have 
been purified as described above. 

Precautions — Wash bottles used throughout the procedure are of all- 
glass construction. 

No lubricant is employed with the glass stoppers and stop-cocks. 

It is necessary that the rubber tubing in the nitrogen and vacuum lines 
be thoroughly scrubbed with hot alkali, washed with water, and dried before 
use. In each, a pledget of glass wool is inserted immediately adjacent to 
the rubber-glass connection to serve as a dust filter. 

Extraction and Determination of Reducing Substances of Urine — An aliquot 
(100 ml. when a normal value is expected) of a 24 hour urine specimen (col- 
lected without preservative, stored in the refrigerator, and processed within 
the following 24 hours) is acidified by the cautious dropwise addition of 12 N 
sulfuric acid to pH 1.0 (Beckman glass electrode), and extracted once with 
40 ml. of ether-chloroform and three times ivith 20 ml. portions of the same 
solvent mixture. To the combined extracts are added 40 ml. of ether- 
chloroform, which aids in the breaking of emulsions (centrifugation if 
necessary), and the solvent solution is then washed with chilled 0.1 n 
sodium hydroxide solution (five times with 10 ml. portions) and with water 
(5 X 10 ml. portions). Shaken with the organic phase in the separatory 
funnel is anhydrous sodivun sulfate in quantity (approximately 1 to 1.5 
gm.) just sufficient to absorb dissolved and adhering water; an excess of 
sodium sulfate should be avoided. The solution is then decanted and 
filtered through a pledget of clean (ether-washed) glass wool (contained in 
a conical transfer funnel) into a thick walled 300 ml. Erlenmeyer flask 
fitted with a standard taper ground glass joint. To effect quantitative 
transfer, the residual contents of the separatory fimnel are shaken and 
rinsed twice with 10 ml. portions of ether, and the stopper, outer rim of 
the separatory funnel, and interior of the transfer funnel are well washed 
with a fine spray of ether from the wash bottle. The solvent is then dis- 
tilled at low’ temperature in the vacuxun of a water pump. For this pur- 
pose a standard taper male adapter fitted with a stop-cock in the vacuum 
line is employed; to avoid bumping the pressure is reduced gradually by the 
cautious opening of the stop-cock. When frost is apparent on the outside 
surface of the flask, the latter is immersed in a w'ater bath at room tem- 
perature until evaporation is complete (^ to 1-| hours) . The residue is then 
transferred to a micro test-tube (75 X 8 mm. internal diameter) for the 
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development of the color. A fine spray of ether is played against the inte- 
rior of the neck of the flask, while the latter is rotated three times. The 
solution (approximately 2.5 ml.) is then delivered to the test-tube with the 
aid of a thin glass rod, and the solvent is blomi off at room temperature in 
a stream of nitrogen applied to the surface through a fine glass capillary 
tube. This transfer procedure is repeated three times, and finally the 
outer rim of the flask is washed with ether. To the total residue in the 
test-tube are added 2.00 ml. of the phosphomolybdic acid reagent, and the 
color is developed for a period of 60 minutes and read as previously de- 
scribed (2). 

Recovery of Desoxycorlico&terone from Waler and from. Urine — In Table 11 
are gi\'en the recoveries of desoxjxorticosterone added to water and to nor- 

Tablb II 


Recovery of Desoxycorlicoslerone from Waler and Rormal Hale Urine 


Desoxj'cortloo^tero&e 

added* 

, Solvent 

Vdeae 


Recovery 

1 

y 


ct/. 

T 

T 

100 

Water 

lOOO 

100 

lOO 

100 

tt 

1000 

90 

90 

100 

t< 

1000 

m 

KM 

100 

(( 

1000 

100 

100 

100 

it 

1000 

91 

94 

0 

Urine 

500 

99 i 

0 

100 

II 

500 

202 1 

103 

0 

“ B 

100 

77 

0 

10 

tt 4€ 

100 

86 

9 

0 

’* C 

100 

5S 

0 

10 

<1 11 

100 

71 

13 


• Ckintained in 0.1 ml. of acetic acid. 

t Expressed as the desoxycortieosterone equivalent contained in the recorded 
volume. 


mal male urine which were ascertained by the appheation of the detraction 
and colorimetric procedure described above. When the volume exceeds 
100 ml., proportionally larger quantities of solvent, etc., were emploj-ed in 
the processing; the urines were extracted -svithout previous acidification. 

Effect of Hydrion Concentration on Extraction of Reducing Substances from 
Urine — ^In Table III the results of the e.xtraction of 100 ml. aliquots of 
different urines at various hydrion concentrations (Beckman glass elec- 
trode) are given. Extractions were made immediately after acidification, 
e.xcept in the case of the third aliquot of Urine 3 which was allowed to stand 
at room temperature for 24 hours before being processed. The fourth por- 
tion of Urine 3 was acidified to pH 2.0, and then neutralized to pH S.O for 
e.xtraction. 
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Action of Heat in Acid Medium, Strong Acid Treatment, and Periodic Acid 
on Reducing Substances of Urine — The experiments listed in Table IV were 
conducted on aliquot portions of the neutral fraction obtained on extraction 

Table III 


Effect of Hydrion Concentration on Extraction of Reducing Substances from Urine 


Urine No. 

pH 

Reducing power 

1 

7.0 

y Pet 100 ml. 

9 


6.0 

6 


4.0 

12 


2.0 

33 

2 

3.0 

9 


2.0 

22 


1.0 

42 


0.5 

80 

3 

7.0 

8 


2.0 

20 


2.0* 

39 


8.0* 

9 


* For the conditions of extraction see the discussion in the text. 


Table IV 


Effect of Acid Treatment and of Periodic Acid on Reducing Power of Urine 
Extracts and of Desoxycorlicosterone 


’Co 

u u 

Material 

Treatment 

Assay 




T 

1 

Urine extract 

None 

164 



Boiled 10 min. in 15% HCl 

51 

2 

tl (f 

None 

147 



Boiled 10 min. in 15% HCl 

42 

3 

i( H 

None 

96 



1 hr. in 2% HiSO« (room temperature) 

37 

1 


1 “ “ 2% “ and 3.5% HIO 4 (room tempera- 

38 



ture) 


4 

Desoxycortico- 

None 

100 


sterone (100 y) 

1 hr. in 2 % HjS 04 (room temperature) 

76 



1 “ “ 2% “ and 3.5% HIO 4 (room tempera- 

4 



ture) 



at pH 1.0 of normal male mine. Different extracts' were employed in the 
various experiments. 

Boiling for 10 minutes in a medium conta ining 15 volumes per cent of 
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hydrochloric acid solution leads to destruction of at least two-thirds of the 
reducing substances present (Experiments 1 and 2). In these instances the 
urine residues were taken up in 50 ml. of hydrochloric acid (15 per cent), 
refluxed, cooled, and neutralized to pH 2.0 for extraction; the untreated 
control aliquots were simply suspended in 50 ml. of water, acidified to pH 
2.0, extracted, and assayed. 

Likewise marked loss of reducing power follows a period of 1 hour at room 
temperature in a medium containing 2 volumes per cent of sulfuric acid 
(Experiment 3). To a urine aliquot, assaying 96 y, and contained in 0.3 
ml. of methanol, was added 0.1 ml. of an 8 per cent solution of sulfuric acid 
in aqueous methanol (50 per cent). After 1 hour, the solution was diluted, 
e.xtracted, and assayed. With periodic acid (14 mg.) in the same acid- 
methanol medium, there is no further destruction. On the other hand, 
desoxycorticosterone, treated similarly (Experiment 4), is practically 
quantitatively oxidized by periodic acid, while only 25 per cent of its reduc- 
ing capacity is lost by the acid treatment alone. 

Assay of Adrenal Cortical Exlracts — The application of the above extrac- 
tion and estimation to very dilute solutions (0.1 per cent) of cortical e.xtract 
(Connaught Laboratories) gave extremely irregular results at all hydrion 
concentrations. However, there does appear to be an increase in the 
amount of reducing substances extractable after acidification. By avoid- 
ing high dilution with water and the use of acid, reasonably consistent 
values could be obtained as follows. 

To a dry separatory funnel, containing 75 ml. of anhydrous ether-chloro- 
form (4:1), was pipetted 0.1 ml. of cortical extract, so that the solution was 
distributed over the interior surface of the funnel above the solvent. The 
mixture was then shaken into a single phase, washed three times with 5 ml. 
portions of cold 0.1 N sodium hydroxide, three times with water (5 ml. por- 
tions), and evaporated to dryness at room temperature for the development 
of the color. By this method 1 ml. of extract was found to contain 0.13 
mg. of reducing substances. 

In support of the investigation we are indebted to the Committee on 
Research in Endocrinology of the National Research Council (W ashington), 
the Associate Committee on Medical Research of the National Research 
Council (Ottawa), and the Faculty' of Medicine of McGill University 
(Cooper Fund). Our thanks are due to Mr. V. E. Kazmin and Aliss L. 
Groth for skilful technical assistance. 

SUmiART 

1. The reduction of phosphomolybdic acid to molybdenum blue has been 
applied to the estimation of the neutral, lipide-soluble reducing substances 
of urine. 
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2. Urinary reducing power and adrenal cortical function have been 
correlated. Following adrenalectomy in the dog, the excretion of reducing 
metabolites falls to approximately 33 per cent of the normal value, and fol- 
lowing the administration of adrenal cortical or of anterior lobe extract to 
the intact animal, the output is increased 2 to 3 times. 

3. In clinical cases of adrenal hypofunction (panhypopituitarism) and 
hyperfunction (Cushing’s s 3 mdrome, and under stress), the daily excretion 
is respectively one-thu'd normal and 2 to 5 times normal. Marked paral- 
lelism is observed in all instances between the output of reducing substances 
and that of biologically active metabolites which cause deposition of glyco- 
gen in the liver of the adrenalectomized mouse (urinary “cortin”). 

Addendum — It should bo emphasized that the data embodied in the above text 
were obtained from urine specimens uncontaminated with blood or feces. Both 
blood and feces contain lipido-soluble reducing substances which seriously inter- 
fere with the determination as applied to the total neutral fraction of contamin- 
ated urine. Consequently, animal urine collected in the usual type of metabolism 
cage is quite unsuitable, and, for the same reason hospital specimens occasionally 
give fallaciously high values. Preliminary observations by Dr. Palmer Howard 
on the routine application of the method in a hospital laboratory indicate that 
further fractionation of the neutrals is requisite to a reliable estimate in instances 
of contamination. 
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STUDIES ON THE MECHANISM OF ACTION OF THIOUREA 
AND RELATED COMPOUNDS 

II. INHIBITIOX OF OXIDATIVE EXZYJIES AND OXIDATIONS 
CATALYZED BY COPPEE.* 

Bt KENNETH P. DuBOIS .ujd WILJLA. F. ERWAY 

(From the Univereity of Chicago Toxicity Laboratory and the Department of 
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The recent discovery of the rodenticidal properties of a-naphthylthiourea 
(ANTU) by Richter (1) has aroused interest in the mechanism by which 
this compound produces its acute to.xic effects in animals. Factors 
associated with the toHcity of ANTU such as (a) the high to.xicity to 
Norway rats, (6) the lower tojdcity to most other species, (c) the develop- 
ment of tolerance after administration of sublethal doses, and (d) the severe 
pleural effusion and pulmonary edema produced by lethal doses are indi- 
vidually important to other toxic compounds. Information concerning 
the reactions undergone by ANTU may be of value in future studies on 
the mechanism of action and the factors which influence its to.xicity to 
animals. 

The biochemical changes which result in animals acutely poisoned by 
ANTU have been studied previously in this laboratory (2, 3) and it was 
foimd that marked h)T)erglycemia and depletion of liver glycogen occur in 
dogs and rats poisoned by this compound. 

Several investigations on the effects of other thiourea derivatives on 
enzyme systems have been carried out in the hope of understanding their 
thyroid-inhibiting action. Enzymes included in these various studies 
were cytochrome oxidase (4, 5), succinic dehydrogenase (6), and tyrosinase 
(6, 7). The effect of monosubstituted derivatives of thiourea on o.xidations 
catalyzed by copper (6) has also been studied. However, various investiga- 
tors have obtained different results with the thiourea derivatives on these 
catalytic reactions. It was not possible, therefore, to predict the action 
of ANTU on these systems. 

The present study was, therefore, undertaken to ascertain whether 
ANTU inhibits cytochrome oxidase and succinic dehy’drogenase in vilro 
or in vivo after lethal doses of ANTU are given to rats. The effect of this 
rodenticide on tyrosinase and on oxidations catalyzed by' inorganic copper 
was also measured. Since other thiourea derivatives which differ con- 
siderably in their tojdcity to rats were available, it was of interest to com- 

• This work was carried out under contract with the Medical Division of the 
Chemical Warfare Service. 


711 



712 


MECHANISM OF THIOUREA ACTION. H 


pare their inhibitory action on these oxidative reactions in vitro with their 
toxicity to rats in vivo. The other compounds employed were allylthiourea, 
phenylthiourea, thiourea, and thiouracil, 

EXPERIMENTAL 
Methods and Materials 

T 3 Tosinase activity was followed manometrically with a crude potato 
extract as the source of the enzyme. The extract was prepared by grinding 
potatoes in a Waring blendor with one-third their weight of water and 
filtering. The filtrate retained most of its activity for 72 hours when 
stored at 10°. For the measurement of tjrosinase activity each Warburg 
vessel contained 0.2 ml. of the enzyme preparation, 0.3 ml. of 0.5 M phosphate 
buffer (pH 7.4), 4 mg. of p-cresol (in the side arm), and water to make a 
final volume of 3.0 ml. After a 10 minute equilibration period the sub- 
strate was tipped into the main compartment of the vessel. The reaction 
was carried out at 38°, and the oxygen consumption was recorded at 10 
minute intervals for 30 minutes, during which time the rate of the reaction 
was linear with time and was limited by the t 3 rrosinase concentration. 
When inhibitors were added, solutions of the compounds replaced water 
in the test system. 

The oxidation of ascorbic acid was followed manometrically. Each 
Warburg vessel contained 5 mg. of ascorbic acid, 0.3 ml. of 0.5 M phosphate 
buffer (pH 7.4), 0.3 ml. of 1 X 10~^ m copper as cupric sulfate, and water 
to make a final volume of 3.0 ml. Oxygen consiunption was recorded at 
10 minute intervals for 30 minutes. The same test system was employed 
for measuring the oxidation of cysteine catalyzed by copper, except that 
5 mg. of cysteine replaced the ascorbic acid and 0.3 ml. of 2 X 10“‘ M 
copper as cupric sulfate was employed. 

Succinic dehydrogenase and cytochrome oxidase activity were measured 
by the method of Schneider and Potter (8), with tissues from poisoned and 
normal adult Sprague-Dawdey rats. Propylene glycol solutions of ANTU, 
phenylthiourea, and allylthiourea, and aqueous solutions of thiourea were 
injected intraperitoneally. 

Results 

Inhibition of Tyrosinase by ANTU and Related Compounds — ^To test the 
relative inhibitory action of ANTU and the other compounds on tyrosinase, 
various concentrations of the inhibitors were added to the tyrosinase test 
system. The inhibitors were incubated with the enzyme for 10 minutes 
before addition of the substrate from the side arm of the Warburg vessel. 
The effect of ANTU was compared with that of allylthiourea, thiourea, 
and phenylthiourea. Inhibition was calculated on the basis of the oxygen 
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consumption during the first 30 minutes of the reaction, as compared to a 
suitable control. The comparative effectiveness of ANTU, thiourea, 
phenylthiourea, and allylthiourea as inhibitors of the oxidation of p-cresol 
by tyrosinase is shown in Fig. 1, in which the tyrosinase activity is plotted 
against the negative logarithm of the inhibitor concentration. The 
control values are all expressed as 100, thus making it possible to include 
values obtained in different experiments with tyrosinase preparations of 
different activities. 

The results of these experiments demonstrated that 50 per cent inhibition 
of tyrosinase w'as obtained with 8 X 10^ xi ANTU, 2.5 X 10“^ m phenyl- 
thiourea, 9 X 10~‘ II allylthiourea, and 5 X 10^ n thiourea. Thiouracil 
produced no inhibition at a concentration of 1 X 10“' m. It is of interest 
to compare the effect of cyanide (9) with that of the thiourea derivatives 



Fig. 1. The effect of thiourea and related compounds on tyrosinase activity. 
Curve A, thiourea; Curve B, allylthiourea; Curve C, a-naphthylthiourea; Curve D, 
phenylthiourea. 

under the same experimental conditions. A final concentration of 1 X 
10“^ u cyanide produced 50 iier cent inhibition of tyrosinase activity. 

Bemheim and Bemheim (6) have found that the inhibition of tyrosinase 
by phenylthiourea is reversible and varies with the substrate concentration. 
"With concentrations of the compounds which would produce 50 per cent 
inhibition of tyrosinase, the reversibility of the inhibition and the effect 
of substrate concentration were studied. Under the conditions of our 
experiments there was no reversal of the inhibition by any of the compounds 
in 2 hours. Decreasing the amount of p-cresol in the test system from 4 
to 2 mg. did not influence the inhibitory action of the compounds. 

p-CresoI was employed as the substrate in all of these e-xperiments 
because of the suitable rate of oxidation (10) of this compound for inhibitor 
studies. In order to ascertain whether the particular substrate employed 
influenced the inhibitory action of the thiourea compounds catechol, 
tyramine, and adrenalin were each substituted for p-cresol in the test 
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system. The test system was the same as that employed for p-cresol 
oxidation, except that tyramine (4 mg. per vessel), catechol (4 mg. per 
vessel), or adrenalin chloride (2 mg. per vessel) replaced p-cresol as the 
substrate. The oxidation of tyramine and adrenalin was measured for 
30 minutes and the oxidation of catechol was measured for 5 minutes. 
The concentrations of inhibitors listed above which would produce 50 per 
cent inhibition of the oxidation of p-cresol by tyrosinase were employed. 
The oxidation of these three substrates was inhibited to the same extent 
as the oxidation of p-cresol by similar concentrations of ANTU, phenyl- 
thiourea, allylthiourea, and thiourea. The particular phenolic substrate 
employed, therefore, did not influence the inhibitory action of any of the 
compounds. 



Fio, 2. The effect of varying the time of addition of a-naphthylthiourea (ANTU) 
and p-cresol to tyrosinase. Curve A, control; Curve B, ANTU added 10 minutes 
after p-cresol; Curve C, ANTU and p-cresol added at the same time; Curve D, ANTU 
added 10 minutes before p-cresol. 

In all of the above experiments the inhibitors were incubated tvith the 
enzyme for 10 minutes before the addition of the substrate. To test 
whether the presence of the substrate protected the enzyme against inhibi- 
tion by ANTU, the time of addition of the inhibitor was varied mth relation 
to the time of addition of the substrate to the enzyme. The effect of 
adding ANTU to the enzyme system 10 minutes before the substrate, at 
the same time as the substrate, and 10 minutes after the addition of the 
substrate is shown in Fig. 2. 

As may be seen from Fig. 2, the greatest inhibition (Curve D) was 
obtained when ANTU was incubated with the tyrosinase for 10 minutes 
before the addition of p-cresol. When the p-cresol and ANTU were added 
at the same time (Curve C), there was a small decrease in the ammmt of 
inhibition from 64 to 56 per cent. Addition of ANTU 10 minutes after 
the addition of p-cresol resulted in a further reduction to 44 per cent in the 
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amount of inhibition produced. The results indicate that the presence 
of the substrate affords some protection to the enzyme against inhibition 
by AKTTJ. 

Certain substances which might reverse or prevent the inhibition of 
tyrosinase by ANTU were tested. Cysteine was tested because of the 
previous finding (2) that this sulfhydryl compound would protect rats 
against lethal doses of AIsTU. In these e.yperiments a final concentration 
of 1 X 10“* M cysteine was ineffective in preventing or in reversing the 
inhibition of tyrosinase produced by 8 X 10^ m ANTU. It has been 
reported that iodoacetic acid ■niU overcome the inhibition of tyrosinase 
by thiourea derivatives (7). In our e.vperiments, iodoacetic acid (1 X 
10“* m) was ineffective in preventing the inhibition when the iodoacetic 
acid and the ANTU were incubated for 10 minutes before addition to the 
enzyme, and it was also ineffective in reversing the inhibitory effects of 
ANTU on the enzyme. 

Paschlds et al. (7) reported that the inhibition of tyrosinase by thiourea 
and thiouracil could be overcome by copper. It was of interest to test 
the effect of inorganic copper on the inhibition of tyrosinase by ANTU. 
For this experiment copper as cupric sulfate was employed with 8 X 10“* ii 
ANTU. A final concentration of 1 X 10“* ii copper was ineffective in 
reversing the inhibition of tyrosinase by ANTU or in preventing the inhi- 
bition when the ANTU and the copper were added to the enzyme at the 
same time. However, when the ANTU was incubated with the copper 
for 30 minutes at 38“ before addition to the enzyme, then the amount of 
inhibition was reduced from 51 to 33 per cent. 

The effect of iodine on the inhibition of tyrosinase by ANTU was also 
tested. jMiUer et al. (11) have recently demonstrated that thiourea deriva- 
tives react readily with iodine. K a similar reaction takes place between 
iodine and ANTU, then prevention of the inhibitory effects of ANTU on 
tyrosinase might be obtained urth iodine. 

This possibility was tested by incubating iodine and ANTU together 
in the side arm of the Warburg vessel for 10 minutes before addition to the 
tyrosinase in the main compartment of the vessel. The iodine was dis- 
solved with the aid of twice its weight of potassium iodide. The potassium 
iodide itself in concentrations as high as 1 X 10~* ii had no antagonistic 
effect toward the inhibition of tyrosinase by ANTU. When a final con- 
centration of 4 X 10“^ M iodine was incubated with ANTU (8 X 10“® ii) 
for 10 minutes before addition to the enzyme, the amount of inhibition 
was reduced from 46 to 30 per cent. Under these conditions an increase 
in the final concentration of iodine to 4 X 10“^ ir afforded complete protec- 
tion against inhibition of tyrosinase by 8 X 10“* M ANTU. 

The relative reactivity of iodine and tyrosinase with ANTU was studied 
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by adding the inhibitor and the iodine to the enzyme at the same time. 
A final concentration of 4 X 10“^ m iodine gave complete protection against 
inhibition of tyrosinase by 8 X 10“® M ANTU when added simultaneously 
to the enzyme. This demonstrates a greater reactivity of ANTU Avith 
iodine than with tyrosinase. Iodine was ineffective in reversing the 
inhibition of tyrosinase bj^ ANTU when the iodine was added to the test 
system 10 minutes after the addition of ANTU. 

Effect of ANTU and Related Compounds on Oxidations Catalyzed by 
Copper — ^The antioxidant properties of thiourea and certain other related 
compounds have been well established. The ability of thiourea to inhibit 
the oxidation of ascorbic acid was reported by Fearon (12), and inhibition 
of the autoxidation of fats by thiourea and related compounds Avas recently 
shown by Gyorgy et al. (13). From previous work it appeared that this 
inhibitory action may, in some cases, be due to a reaction betAveen the 
thiourea compound and a metallic catalyst. In this connection it Avas of 
interest to test the effect of ANTU and related compounds on oxidations 
catalyzed by inorganic copper. In these exiieriments cysteine and ascorbic 
acid Avere employed as substrates. 

Bernheim and Bernheim (6) found that the oxidation of cysteine cata- 
lyzed by inorganic copper was not inhibited by phenylthiourea and con- 
cluded that phenylthiourea has no effect on oxidations catalyzed by in- 
organic copper. We found that neither a final concentration of 1.4 X 10"* 
M phenylthiourea nor a final concentration of 1.4 X 10"^ M ANTU had 
any effect on the oxidation of cysteine (5 mg. per vessel) as catalyzed by 
2 X 10"® M copper. 

In contrast to the results obtained Avith cysteine, inhibition of the 
oxidation of ascorbic acid (5 mg. per vessel) as catalyzed by 1 X 10"® m 
copper was obtained with ANTU, phenylthiourea, allylthiourea, and 
thiouracil. With this quantity of copper (1 X 10"® m) the rate of oxygen 
consumption without added inhibitors Avas close to 35 c.nun. per 10 minutes. 
Inhibition Avas calculated on the basis of the oxygen consumption during 
the first 30 minutes of the reaction, as compared Avith a suitable control. 
The inhibitor was incubated with the copper for 10 minutes in the main 
compartment of the Warburg vessel before addition of the substrate from 
the side arm. The results of this experiment are shoAvn in Fig. 3 in which 
the control values are expressed as 100 so that values obtained in different 
experiments can be included. 

As shown in Fig. 3, all of the compounds inhibited the oxidation of 
ascorbic acid as catalyzed by 1 X 10"® m copper. Allylthiourea Avas the 
least effective, a final concentration of 2.8 X 10~® m being necessary in 
order to obtain 50 per cent inhibition of the reaction. A final concentration 
of 8.7 X 10"* M ANTU, 1.0 X 10"« m thiourea, 5.9 X 10"* m phenyl- 
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thiourea, and 4.3 X 10“^ m thiouracil gave 50 per cent inhibition of the 
reaction. 

The inhibitory action of these compounds was due to a reaction between 
the inhibitor and copper. This was demonstrated by varying the ascorbic 
acid and the copper concentrations of the test system containing a final 
concentration of 1 X 10^ ANTU. Variation in the ascorbic acid 
concentration had no influence on the aifloimt of inhib ition obtained by 
1 X 10^ it ANTU. An increase in the copper concentration to 1 X 10“* ii 
resulted in no inhibition of the reaction as compared with 50 per cent 
inhibition produced by 1 X 10~® M ANTU when a lower concentration 
(1 X ICT® m) of copper was employed. 

Effect of ANTU and Related Compounds on Cytochrome Oxidase and 
Succinic Dehydrogenase — The recent demonstration (4) that the o.vygen. 
consumption of thyroid slices in vitro is not inhibited by high concentra 



Fig. 3. The effect of thiourea and related compounds on the oxidation of ascorbic 
acid catalyzed by copper. Curve allylthiourea; Curve B, thiourea; Curve C, 
a-naphthyl thiourea; Curve D, thiouracil; Curve E, phenylthiourea. 

tions of thiourea would indicate that this compound does not mhibit 
cytochrome oxidase or succinic dehydrogenase. However, it has been 
reported that thiouracil is an effective inhibitor of cytochrome oxidase (5). 
The counteracting effect of cysteine in ANTU poisoning suggested the 
possibility that these compotmds might react with sulfhydryl groups of 
enjymes. The present study was therefore undertaken to ascertain 
whether ANTU and related compounds have an inhibitory action on 
cytochrome oxidase and succinic dehydrogenase in vivo or in vitro. 

Prior to enzyme studies, the toidcity of the compounds to rats was 
determined and the uniformly fatal doses were found to be 10 mg. per kilo 
of ANTU, 10 mg. per kilo of phenylthiourea, 400 mg. per Idlo of allyl- 
thiourea, and 2000 mg. per Mlo of thiourea. These quantities of the 
compounds produced death in 6 to 48 hours after injection with marked 
hypoglycemia occurring soon after injection of the drugs. Pulmonary 
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edema appeared about 5 hours after administration of the compounds. 
For the enzyme studies five rats were included in each group. The animals 
were sacrificed and lung and liver tissue w'as removed for the enzyme 
determinations at various times after administration of ANTU and the 
other compounds. There was no decrease from the average normal QOj 
of 88 in succinic dehydrogenase activity of liver tissue from poisoned rats 
in 3, 5, or 12 hours after ANTU. There was some decrease in the activity 
of lung tissue from a QO 2 of 12.4 for the normal animals to 9.0 for the 
poisoned group. Similarly there was no decrease in the succinic dehy- 
drogenase activity of liver in 6 hours after allylthiourea, thiourea, and 
phenylthiourea. There was a slight decrease in the activity of lung tissue 
in 6 hours but in none of the groups did the QO 2 decrease to below 9.0. 
There was no change in the cytochrome o.vidase activity of liver or lung 
tissue 6 hours after ANTU was administered to rats. 


Table 1 

Effect of a-Naphlhyllhiourca and Related Compounds on Succinic Dehydrogenase and 
Cytochrome Oxidase Activity in Vitro 


Inhibitor | 

u concCBtratioD 

1 Succinic dehydrogeiusei j 
1 per cent iobibitioo | 

Cytochrome oxidue, 
per ceat iahibitioa 

Livec 

Luag 

Liver 

Luag 

a-Naphthylthiourea 

0.000025 

11 

8 

0 

0 

Phenylthiourea 

0.0147 

58 

94 

0 

0 

Allylthiourea 

0.082 

32 

79 

46 

49 

Thiijurea 

0.165 

54 

100 

22 

49 


The effect of these thiourea derivatives on cytochrome oxidase and 
succinic dehydrogenase in vitro was also determined. The results of these 
measurements are summarized in Table I. 

None of the compounds were effective inhibitors of either of these 
enzymes in vitro, as may be seen from the data in Table I. Saturation of 
the test system with ANTU or phenylthiourea produced no inhibition of 
cytochrome oxidase. Succinic dehydrogenase was inhibited to a greater 
extent than cytochrome oxidase by similar concentrations of the com- 
pounds. The succinic dehydrogenase of lung tissue was inhibited to a 
greater extent than that of liver by similar concentrations of the inhibitors. 

DISCUSSION 

These studies of the effects of ANTU on tyrosinase demonstrate that 
this new rodenticide is an effective inhibitor of that oxidative enzyme. 
Comparison of the relative inhibitory action of thiourea, ANTU, phenyl- 
thiourea, and allylthiourea on tyrosinase indicates that there is nck cor- 
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relation between the effectiveness of the compounds as inhibitors of the 
synthesis of thyroxine (14) and their effectiveness as inhibitors of tyrosinase. 
Although no important role has been assigned to tyrosinase in mammalian 
tissues, it is interesting to note that the most effective tyrosinase inhibitors 
possessed the highest toxicity to rats, and the least toxic compoimds, 
thiourea and thiouracU, are the least effective inhibitors of this enzyme. 
These results suggest that further studies on the o.xidative enzymes may be 
of value in explaining the acute toxicity of ANT'D. 

The protective action of iodine against the inhibitory action of ANTD 
on tyrosinase indicates that ANTU reacts more readily with iodine than 
with the enzyme. Iodine, however, -will not reverse the enzj-me-inhibitor 
complex after it is formed, as was shown by the ineffectiveness of iodine 
added to the test system after ANTU. The reactmty of AXTU and iodine 
shown here is in agreement nith the recent finding of Miller, Roblin, and 
Astwood (11) who demonstrated that thiourea and related compounds 
react readily with iodine. These obsem'ations give support to the hypoth- 
esis that the reaction betauen iodine and thiourea compoimds may be 
an important factor in the thjToid-inhibitory action of these compounds. 

The protection against the inhibition of tyrosinase by ANTU which 
was obtained by incubating the inhibitor with copper before addition to 
the enzyme indicates that copper reacts with ANTU to render ANTU 
ineffective as an enzyme inhibitor. The inability of copper to protect 
against the inhibition when it was added to the enzyme at the same time 
as the inhibitor demonstrates the greater reactii-ity of ANTU with 
tyrosinase than with copper. 

The inhibitory action of ANTU and related compounds on the oxidation 
of ascorbic acid catalyzed by inorganic copper demonstrates the ability of 
all of these compounds to inhibit copper-catalyzed reactions. That this 
inhibition was due to a reaction with copper was shown by prevention of 
the inhibition when the copper concentration was increased. There was 
no correlation between the effectiveness of the various compoimds as 
inhibitors of this process and their toxicity to rats. In regard to the 
anemia and leucopenia (15) produced by continued administration of these 
compounds, it seems worth while to investigate the possibility' that mter- 
ference with copper metabolism is involved, in view of the importance of 
copper in hematopoiesis (16). 

The inability of ANTU and phenydthiourea to inhibit the copper- 
cataly'zed oxidation of cysteine is in agreement with similar results obtained 
by Bemheim and Bemheim (6) with phenylthiourea. A reaction between 
cy'steine and the sulfhydryl form of thiourea has been described by’ Toennies 
(17). A similar reaction between the sulfhydryl form of ANTU and 
cysteine in the test system to form a mixed disulfide may explain the 
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inability of ANTU to inhibit the oxidation of cysteine as catalyzed by 
copper. Such a reaction seems probable in view of the protective effect 
(2) of cysteine against ANTU poisoning in rats which was previously 
observed in this laboratory. 

Measurements of cytochrome oxidase and succinic dehydrogena^ 
activity of lung and liver from poisoned animals indicate that neither of 
these enzymes is inhibited by lethal doses of any of the thiourea compoimds 
employed in these experiments. The apparent decrease in activity of 
these enzymes, based on dry weight of tissue, in lung tissue of poisoned 
animals is probably due to the accumulation of plasma in the damaged 
lung tissue. The in vitro experiments indicate that the compounds are 
more effective inhibitors of succinic dehydrogenase than of cytochrome 
oxidase. However, the high concentrations of all of the compounds 
which were necessary to produce inhibition of these enzymes make it 
improbable that either of these enzymes is inhibited in acute poisoning 
by thiourea and related compounds. 

SUMMARY 

1. Phenylthiourea, ct-naphthylthiourea, allylthiourea, thiourea, and 
thiovuacil inhibit t 3 Tosinase. The most effective inhibitors are the most 
toxic to rats. The inhibition was not influenced by the particular sub- 
strate employed. The inhibition can be prevented by iodine or copper 
but cannot be reversed by these substances. 

2. ANTU and related compounds are effective inhibitors of the oxidation 
of ascorbic acid as catalyzed by inorganic copper. This inhibition can be 
prevented by increasing the copper concentration in the test system. 

3. Phenylthiourea and ANTU do not inhibit the o-xidation of cysteine 
as catalyzed by inorganic copper. 

4. None of the thiourea derivatives studied inhibit the cytochrome 
oxidase or succinic dehydrogenase of lung or liver tissue of rats given 
lethal doses of the compoimds. High concentrations of the compounds are 
necessary to inhibit these enzymes in vitro. 

The authors are indebted to Dr. J. O, Hutchens, Director, University of 
Chicago Toxicity Laboratory, for helpful suggestions and criticisms during 
this investigation, and to the Lederle Laboratories for the thiouracil. 
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LETTERS TO THE EDITORS 


EEVERSIBLE COMPLEXES OF COBALT, HISTEDINE, AISTD 
OXYGEN GAS 

Sirs: 

Cobalt has been found to be an effective inhibitor of growth and respira- 
tion. of various aerobic and anaerobic microorganisms and animal tissues 
and tumors, and its phyaolo^c action may be overcome reversibly and 
rather specifically by histidine among natural amino acids tested.* Titra- 
tion and manometric (Warburg) avperiments on the chemical mechanism of 
cobalt-histidine interaction indicate that, where I is 2(C3HjNi)CH:CH- 
(N+Hj)COj- and n is [(CJSiNj)CH-(CHNHj)COr]i Co-h- (“colorless”), 

21 + Co-*+ n + 2H+ (“Inatantaiieoua;” sec.) (1) 

2U + 0, i===i nQ,n (Fast; sec.-mia.) (2) 

(ni, yellow-brown) 


ni+Oi nCinCWv. (Slo^r; min-bia.) (3) 

(IV, pink-red) 

At 24° the equilibrium constant in (1) is Kj„, = (n)(H+)y(Co'^)- 
(I)* = 4 X 10~*. For e-xample, at 0.01 si total histidine and equis-alent 
total Co++ (0.005 si), (1) was 97 per cent complete at pH 7.5, 87 per cent 
at pH 6.5, and 74 per cent at pH 6.0. A maximum of 1 H+ per charged 
amino group in I was also produced when either reactant in (1) was in ex- 
cess rather than equivalent. The 2 protons coordinated on the amino 
groups of 21 in (1) are replaced by 1 Co'*^' in forming IT, and are no longer 
titratable in the range of their normal pK, 9.2. With most amino acids, 
at 0.01 SI, equivalent Co++ largely replaces the protons on the amino groups 
at pH ralues well above 7 or 8, near the amino pK values (thus, for example, 
with glutamic acid, glutamine, glycine, tryptophane, alanine, and proline, 
less than 10 per cent replacement at pH 6.0). The markedly lower pK 
of the imino group of histidine (6.0) permits double coordination of Co'" 
with histidine imin o and amino N at lower, physologically more important 
pH values, and provides a basis for the biological specificity reported earh'er.* 


* Burk, D., Schade, .4. L., Hesselbach, M. L., and Fischer, C. E., Federation Free., 
5, 126 (1916). Burk, D., Hesselbach, II. L., Fischer, C. E., Hearon, J., and Schade, 
.4. L., Cancer Res., Abstracts, in press. 
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The equilibrium constant in (2), measured at pH 7.7, at which essentially 
all of the histidine occurs as II and III, was Ki = (III)/( 02 -aq)(II)* = 
3.1 X 10^ and 6.9 X 10* liters* per moles* at 14° and 45° respectively (half 
saturating gas pressures of 0,0011 and 0.84 atmosphere, respectively, at 
initial (II) = 0.019 m); whence AH = —31,900 calories per mole of O 2 
(aq) taken up in (2). At 14° and pH 7.7 ki was 1.5 X 10* liters* per moles* 
per minute, and fcj was 5 X 10"® min.~*. (2) may be reversed rapidly and 
completely by lowering pH or pOi or raising the temperature, much as in 
the case of o.xyhemoglobin, for which compound III may be regarded as 
a simple, in some respects unique, model. 

The irreversible uptake of 1 additional molecule of O 3 in (3) required some 
hours at 30-40° (^'3 = 27 liters per mole per minute at 38° and pH 7.0), and 
oxidation of Co++ to Co+++ was not evidenced by requisite production of 
1 equivalent of hydroxyl ion. 

Various other substituted histidine compounds, including camosine* and 
anserine,® behaved qualitatively like histidine, but Co++ was not observed 
to coordinate with 5-methylimidazole* or N-acetyl glutamate.* 

National Cancer Inaliluie Dean Bukk 

National Institute of Health John Heabon 

Bethesda, Maryland Leona Caroline 

Overly Biochemical Research Foundation Arthur L. Schade 

New York 

Received for publication, August 12, 1940 


* Kindly supplied by Professor Vincent du Vigneaud. 
’ Kindly supplied by Professor D. Wright Wilson. 

‘ Itindly supplied by Dr. Otto K. Behrens. 



A SPECTROPHOTOMETRIC METHOD FOR THE DETERJ-H- 
NATION OF DEHYDROPEPTIDASE ACTIVITY 


Sirs: • 

Peptides of dehydroalanine (a-aminoacrylic acid) are split by dehy- 
dropeptidases in extracts of tissues to yield products including ammonia 
and pyruvic acid.' Dehydropeptidase activity has been estimated by 
noting the rate of formation of these products. An alternative method of 
following this activity is based upon the high characteristic ultraviolet 



Fig. 1. Absorption curves in the ultraviolet of 1.7 X 10“* ii aqueous solutions of 
(Curve 1) glycyldehydroalanine, (Curve 2) sodium pyruvate, and (Curve 3) glycyl- 
filazune. 

absorption of dehydropeptides (Fig. 1). This absorption, absent in satu- 
rated peptide analogues, may be attributed to the tautomeric system 

RCONHC(COOH)=CH, RCON=C(COOH)CH, 

Fig. 1 illustrates the difference in ultraviolet absorption of equimolar 
solutions of glycyldehydroalanine and pyruvate. Other components of 

* Bergmann, M., and Schleich,H., Z. jihysiol. CAcm., 205, 65 (1932) ; 207, 235 (1932). 
Greenstein, J. P., and Leuthardt, F. M., J. Biol, Chcm., 162, 175 (1946); J. A at. 
Cancer Jnel., 6, 197 (1946). 
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the system have no appreciable absorption nor do they influence the char- 
acteristics of the dehydropeptide spectrum. Upon incubation of glycylde- 
hydroalanine with tissue extracts, the absorption at 2500 A of the de- 
hydropeptide decreases progressively, a finding attributable to the difference 
in absorption of glycyldehydroalanine and pyruvate at this wave-length. 
The final absorption of the extract plus products of the reaction is at the 
most 50 per cent of the absorption of the extract plus substrate at the begin- 
ning of the reaction. 

The procedure employed foUowa. Tissues were ground with sand and 
extracted with 12 to 20 volumes of water; to 0.2 cc. of the centrifuged ex- 
tract 0.2 cc. of a solution of glycyldehydroalanine (3.6 mg. per cc.) was 
added; folloAving various periods of incubation at 37°, 10 cc. of distilled 
water were added to the digests and readings were made at 2500 A against 
a similarly treated extract blank (0.2 cc. of extract plus 0.2 cc. of HjO). 
Under these conditions glycyldehydroalanine gave initial density readings 
of 1.4, which progressively decreased during incubation to approach a 
limiting value of nearly zero (complete hydrolysis). Activity may then be 
determined from the linear part of the hydrolysis curve in terms of mg. of 
substrate split per hour per mg. of total nitrogen in the extract used. 
Among the various tissues studied, kidney was found to have the highest 
activity, tumors of all kinds were uniformly high, and human sera exhibited 
a definite but low activity. 

National Cancer Institute Ch.vrles E. C.\rter 

National Institute of Health Je.';.sb P. Greenstei.v 

Bethesda, Maryland 


Received for publication, August 2, 1946 



THE ESTFLTJENCE OF DIETAHY PROTEIN, METHIONINE, AND 
CYSTINE ON ACCELERATED VITAAIIN C EXCRETION 
IN THE RAT 


Sirs: 

• 

King and coworkers^ demonstrated that the vitamin C excretion of rats 
could be increased greatly by certain organic compoimds and that this 
excretion probably represented an accelerated synthesis of the vitamin. 
The mechanism by wMch these agents act is obscure. 

As the first step in the study of the mechanism of stimulated vitamin C 
excretion the effect of altering the dietary level of protein was determined. 
Adequately supplemented isocaloiic diets containing 0.5 per cent choline 
in which only the protein and glucose levels were varied were fed to groups 
of four adult rats each (12 gm. per rat daily). After a 7 to 12 day pre- 
liminary period the stimulating agent, sodium phenobarbital or chloretone, 
was administered by stomach tube or in the diet. Determinations of 24 
hour vitamin C e.xcretion were made by the indophenol titrimetric pro- 
cedure and checked colorimetrically.* The values were compared for the 
7th through the 10th days after the first feeding of the stimulating agent, 
at which time the ma.ximal e.xcretion occurred. In all groups studied there 
was a significant increase in excretion of the vitamin over the consistently 
low daily average values of approximately 0.1 mg. per rat found during 
the preliminary period. 

Increasing the level of casein from 0 to 5 per cent to 18 per cent resulted 
in a progressively increased ability of the rats to excrete vitamin C (1.74, 
2.40, and 7.50 mg. per day per rat respectively) when fed 20 mg. of sodium 
phenobarbital daily. A further increase to 55 per cent resulted in a some- 
what lower excretion (6.43 mg.). In another experiment increasing the 
level of arachin from 5 to 14 per cent also resulted in an accelerated ex- 
cretion of the vitamin. Experiments were performed in which each of the 
ten essential amino acids and cystine were added to the 5 per cent casein 
diet; only cystine and methionine showed a marked accelerating effect on 
\'itamin C excretion. 

In the table are presented results of experiments in which the sulfur- 
containing amino acids were added to the 5 per cent casein diet to bring 

^ JIusulin, E. E., Tully, E. H., 3rd, Longenecker, H. E., and King, C. G., J . Biol. 
Chen., 129, 437 (1939). Longenecker, H. E., Slusulin, E. E., Tully, E. H., 3rd, and 
Eng, C. G., J. Biol.Chem., 129, 445 (1939), Longenecker, H. E., Fricke, H. H., 
and Eng, C. G., J. Biol. Chem., 136, 497 (1940). 

* Eohinson, W. B., and Stoti, E , J. Biol. Chcm., 160, 217 (1945). 
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the total sulfur content up to that of an 18 per cent casein diet. Glycine 
was added in other experiments to supply nitrogen equal to that of the sulfur 
amino acids. Cystine and methionine increased the e.xcretion of vitamin C 
to approximately the ma.ximal level attainable with either of the stimulating 
agents under our e.xperimental conditions, a level twice that obtained with 

Influence of Supplementary Cystine and Methionine on Vitamin C Excretion of Rats 

on S Per Cent Casein Diet 


20 mg. of sodium phonobarbital or IS mg. of chlorotono daily. 


Amino acid added 

StlmuUtlss igcnt 

Mean daily 
vitamin C excretion 
(days 7’‘10) 

Glycine 

Phenobarbital 

mg. per eat 

3.62 

Cystine methionine* 

tt 

6.98 

Glycine 

Chloretone 

3.33 

Cystine 

f< 

6.17 

Methionine 

tt 

6.67 




• In the proportions found in casein. 


glycine. However, the addition of methionine to a milk diet supporting 
maximal vitamin C excretion depressed the e-xcretion significantly. 

These experiments demonstrate the important r61e of the sulfur-contain- 
ing amino acids in regulating the capacity of the rat to synthesize and e.\- 
crete large quantities of vitamin C in response to stimulating agents. 

Department of Biochemistry and Pharmacology Eugene Roberts’ 

School of Medicine and Dentistry Charles J. Spieql 

The University of Rochester 
Rochester, New York 

Received for publication, August 14, 1946 


’ Present address, Barnard Free Skin and Cancer Hospital, St. Louis 3, Missouri 









THE EXCRETION OF NEUTRAL KETO COMPOUNDS AFTER 
INGESTION OF CARBOHYDRATE-RICH HEAT-PROCESSED 

FOODS* 


Sirs: 

Friedemann and Haugen^ have shown that the urine of human subjects 
contains two groups of keto compounds: first, those which react rapidly, 
and, second, those which react very slowly, with 2,4-dinitrophenylhydra- 
zine. It was later foimd that the fiirst group consists principallj’- of P 3 nruvic 
and a-ketoglutaric acids. The daily excretion of each by seventeen normal 
men was characteristic and fairly constant for each subject regardless of 
the diet. The averages were as follows: pyru'ric acid 20 ± 8 and a- 
ketoglutaric acid 33 db 15 mg. per day. The accretion of the second group 
of keto compounds is variable, depending upon the content of indophenol- 
reducing substances ingested with heat-treated carbohydrate-rich foods. 
A high content of protein in such heated foods increases the axcretion of 
the compounds. Physical activity has no apparent effect. 

The compounds of the second group are not strongly acidic, since the 
2,4-dinitrophenylhydrazones in organic solvents are not axtracted by Nai- 
COj solution. They have the following quantitatively parallel properties: 
(o) They react rapidly with sodium nitroprusside under the conditions of 
the Rothera test,’-’ yielding a violet color which reaches a ma.ximum in 20 
to 45 seconds, and then fades rapidly to brown or yellow within 3 to 4 
minutes. This rapid reaction was first studied by Arnold^ and Holobut® 
uring the Legal reaction. The rapid fading, is probably due to o.xidation of 
the color comple-x by the nitroprusside (see (c) below). Sulfhydryl com- 
pounds react differently. (6) The substances react with 2 , 4-dinitrophenyl- 
hydrazine, the reaction requiring from 90 to 120 minutes under the 
conditions of the Lu® and Friedemann and Haugen tests, (c) Like 
ascorbic acid, they are rapidly oxidized by 2,6-dichlorophenol indo- 
phenol, but the volume of indophenol reagent required for the titration 

* This study was carried out under a contract, recommended by the Committee 
on Medical Research, between the Office of Scieniihc Research and Development and 
Northwestern University. Additional funds were supplied by the Clara A. Abbott 
Rund of Northwestern University, Chicago, and the Nutrition Roundation, Inc., 
New York. 

® Rriedemann, T. E., and Haugen, G. E., J. Biol. Chan., 147, 415 (1943). 

» Rothera, A. C. H., J. Physiol., 37. 491 (1908). 

* A quantitative method was devised for measuring the maximum color density. 

‘Arnold, V., Z. physiol. Chan., 49, 397 (1906); 70. 300 (1910-11); 83. 304 (1913). 

‘Holobut, T., Z. physiol. Chan., 56, 117 (1903). 

‘Lu, G. D., Biochan. J., S3, 774 (1939). 
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is not materially changed in the presence of 8 per cent HCHO at pH 3 to 
Properties (o), (b), and (c) indicate the following type structures:® 
— COH=COH— CO— CHi— or — COPI=COH— CO— . These structures, 
and the chemical properties noted, are similar in some respect to those of 
reductic acid and reductones, which are assumed to be present in car- 
bohydrate-rich foods.® 

The indophenol-reducing substances in foods do not give the nitroprus- 
side reaction. However, they become reactive after ingestion of food. 
Thus, Arnold and Holobut noted that the urine of animals contains nitro- 
prusside-reactive substances after oral or parenteral administration of 
extracts of heated foods. On the basis of present work, we believe that 
the parent substances in foods have the same structure as the metabolic 
derivatives, but that they are present in a bound form, perhaps combined 
with protein. 

Department of Physiology Theodore E. FniEDESfAX.v 

Northwestern University Medical School 
Laboratory of the Abbott Fund 
Passavant Memorial Hospital 
Chicago 

Received for publication, August 29, 1916 


if Lugg, J. W. H., Australian J. Exp. Biol, and Med. Sc., 20, 273 (1942). Snow 
G. A., and Zilva, S. S., Biochein. J., 37, 630 (1943). 

“ Friedemann, T. E., Sheft, B. B., and Miller, V. C., Quart. Bull. Northwestern 
Univ. Med. School, 20, 301 (1948). 

’ Wokes, F., Organ, J. G., and Jacoby, F. C., J. Soc. Chem. Ind., 62, 232 (1943). 



THE ACTIVITY OF PYEIDOXAL PHOSPHATE IN' TRYPTO- 
PHANE FORMATION BY CELI^FREE ENZYME 
PREPARATIONS* 

Sirs: 

It has been known for some time that the tryptophane requirement of 
certain bacteria can be supplied by indole.^ More recently Tatum and 
Bonner,^ using a strain of Newrospora, have demonstrated the synthesis of 


Tryplophane Formalion by Cell-Free Eniyme Preparaiion 


Euyme frcsn 

Adiitlou 

Icdcle 

loit 

Tnrpt£>- 

lorsed 

IsdcU 

lest 

Trypto- 

TiT.irie 

torrrird 

lHaoaolts X iC^» 
Ihf. 

ZCcrcsoJes X 

2 hn. 

Fresh frozen 

4- 0.44 pit indole 

3 

2 

5 

4 

mycelium 

-}- 0.44 “ “ +1 mg. 






dZ-aerine | 

32 

34 

44 

46 

Mycelium held 

Without additions 


0 


0 

7 days 

-1- 0.43 pM indole 

0 

0 

0 

0 


-f I mg. df-aerine 


0 


0 

1 

+ 0.43 pit indole -h 1 mg. 






dZ-aerine 

6 

13 

13 

21 


With 10 y pyridoxal phoa- 






phate* 


0 


0 


-b 0.43 pit indole 

3 

0 

0 

0 


-b 1 mg. dZ-serine 


0 


0 


-b 0.43 pit indole -b 1 mg. 






dl-SQnne 

14 

19 

31 


Mycelium held 

Without additions 





32 days 

-b 0.42 pit indole 

4 

2 

0 

1 


-b 0.42 “ “ -b 1 mg. 






dZ-serine 

5 

5 

6 

6 


With 10 y pyridoxal phos- 






phate* 



1 

i 


-b 0.42 pit indole 

0 

0 

0 

0 


-b 0.42 “ “ +1 mg. 






dZ-serine 

19 

20 

32 

40 


* 10 */ of the barium salt of pyridoxai phosphate. Sample oO-t.* 


tryptophane from indole and serine. From this mold we have been able 
to prepare a cell-free system which converts indole plus serine into trypto- 
phane. The enzyme has been resolved and pyrido.xal phosphate found to 

* Supported in part by a grant from the Nutrition Foundation, Inc. 

‘ Fildea, P., Brit. J. Exp. Path., 22, 293 (1341). Snell, E. E., Arch. Biochcm., 2, 
3S9 (1943). 

’ Tatum, E. L., and Bonner, D., Proc. Jfat. Acad. Sc., SO, 30 (1944). 
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restore the activity. With the cell-free enzyme, indole disappearance’ was 
found to correlate mth tryptophane formation.'* 

The cell-free enzyme may be prepared from the mycelium of Neurospom 
sitophila grown for 3 days, washed with distilled water, frozen, homogenized 
in 1.5 times its weight of 0.1 m phosphate buffer at pH 7.5, and centrifuged; 
0.5 ml. of this preparation (= 5 mg. of protein), made up to 1 ml. with addi- 
tions, was incubated at 37° (see the table). 

If the frozen mold tissue is held several days before homogenization, the 
enzyme preparations obtained are much less active, but may be re- 
activated by the addition of pyridoxal phosphate.* Since pyridoxal 
phosphate does not influence tryptophane formation in the absence of either 
serine or indole, its action appears to be in the indole-serine system leading 
to tr3T3tophane. 

These data provide evidence of another function of pyridoxal phosphate 
in addition to its rfile in amino acid decarbo.xylation® and in transamina- 
tion.’ The relationship' of this function to the action of vitamin Be in 
tryptophane metabolism remains to be determined.® 

Laboratory of Bacteriology W. W. Umbreit 

College of Agriculture W. A. Wood 

Cornell University I. C. Gunsaltjs 

Ithaca 

Received for publication, August 17, 1946 


= Stanley, A. R., and Spray, R. S., J. Bad., 41, 251 (1941). 

Snell, F. D., and Snell, C. T., Colorimetric method of analysis. New York, 2, 
211 (1937). 

“ Gunsalus, I. C., Umbreit, W. W., Bellamy, W. D., and Foust, C. E., J. Biol. 
Chem., 161, 743 (1945). 

' Gunsalus, I. C., Bellamy, W. D., and Umbreit, W. W., J. Biol. Chem., 165, 685 
(1944). Braddily, J., and Gale, E. P., Nature, 165, 727 (1945). Umbreit, W. W., 
and Gunsalus, I. C., J. Biol. Chem., 169, 333 (1945). 

’’ Lichstein, H. C., Gunsalus, I. C., and Umbreit, W. W., J. Biol. Chem., 161, 311 
(1945). Green, D. E., Leloir, L. F., and Nocito, V., J. Biol. Chem., 161, 559 (1945). 
^ Nutr. Rev., 3, 72 (1945). 



• Utter, M. F., Wood, H. G., and Reiner, J. M., J . Biol. Chem., 161, 197 (1945). 
> Gmbreit, W. W., Burris, R. H., and Stauffer, J. F.. Manometric techniques and 

related methods for the study of tissue metabolism, ifinneapolis (1945). 

* U. S. Department of Commerce, Office of the Publication Board, Washington, 
D. C., Report No. 47 (1945). 
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taining 0.4 ml. of formic acid. 5 gra. of silver oxide (dry) were added and 
the mixture shaken for 1 minute. The mixture ^va3 filtered and the fil- 
trate placed on dry ice for 1 hour. The crystals of adrenochrome were 
filtered off, washed ivith cold methyl alcohol, and dried under a vacuum. 

In the absence of additional ATP, 0.001 mg. of adrenochrome inhibits 
the glycolytic rate by more than 50 per cent, whereas, in the presence of 
1 mg. of ATP, 0.02 mg. of adrenochrome is necessary for 50 per cent in- 
hibition. The inhibition of glycolysis by adrenochrome is not dependent 
on the concentration of DPN. The inhibition of glycolysis is reversed by 
glutathione; the inhibitory effect of 0.01 mg. of adrenochrome is abolished 
by 1 mg. of glutathione. Insulin is ineffective against the adrenochrome 
inhibition. The glycolytic rate is not inliibited more than 10 per cent by 
0.002 to 0.2 mg. of epinephrine. 

The part of the glycolytic cycle which is inhibited by adrenochrome has 
not been established. Since the degree of inhibition is not dependent on 
the concentration of DPN, it seems unlikely that systems involving this 
coenzyme are directly involved. Moreover, Green and Richter^ have shown 
that adrenochrome, formed during the oxidation of epinephrine by tissues, 
accelerates the rate of oxygen utilization by systems involving DPN as 
coenzyme (oxidation of lactic and malic acids). The fact that ATP par- 
tially overcomes the inhibition produced by small concentrations of adreno- 
chrome suggests that the latter inhibits the phosphate transfer mechanism 
of the glycolytic cycle. Since oxidizing agents, such as iodine, quinone, 
and dichlorophenol indophenol produce an inhibition of glycolysis which is 
reversed by glutathione,® it appears possible that adrenochrome also in- 
hibits by a reversible oxidation of the sulfhydryl groups of ti<e enzymes of 
glycolysis. 

Wellcome Research Laboratories Loweli ■'). iIandall* 

Tuckahoe, New York 

Received for publication, August 8, 1946 


* Green, D. E., and Richter, D., Biochem. J., 31, 596 (1937). 

5 Lipmann, F., in A symposium on respiratory enzymes, Madison, 65 (1942). 
0 Present address, Hoffmann-La Roche, Inc., Nutley 10, New Jersey. 


MOLECULAR WEIGHT AND HOMOGEIS^ITY OF 
CRYSTALLINE BOTULINUS A TOXIN 

Sirs; 

The isolation of Clastridium bolulinum type A toxin has been reported.' •• 
This crystalline to.xin, the most potent known, contains about 220 X 10’ 
mouse LDso per mg. of nitrogen.' In the equivalence zone both toxin and 
antitoxin are completely precipitated. 



Flo. 1. Sedimentation velocity scale diagrams of crystalline botulinua A toxin; 
mean temperature, 32°; mean ultracentrifugal field, 4S,CXX)ff; initial exposure at 30 
minutes, interval between exposures 15 minutes; protein concentration, 0.17 per cent. 
Z denotes the scale line displacement. 

The electrophoretic, sedimentation, and diffusion characteristics of 
Ibe crystalline protein' have now been studied in 0.1 rr sodium acetate 
buffer, pH 4.38. The toxin is electrophoreticaliy homogeneous and has a 
mobility of 2.75 X 10“’ cm.' volt"' sec.“'. The sedimentation diagrams of 
Fig. 1 show a single symmetrical boundary in the ultracentrifuge and yield a 
value of Szi = 17.3 Svedberg units. The diffusion constant of a 0.63 
per cent solution measured at 25° by the refractometric scale method' 
is 2.14 X 10~' cm.' sec.~'. Satisfactory agreement at successive time 
mtervals among the values calculated by different methods and a good fit 
of the normalized diffusion curves with the ideal distribution curx'e have 

' Lamauna, C., McElroy, O. E., and Eklund, H. W., Science, 103, 613 (1946). 

’ .\bram3. A., Kegelea, G., and Hottle, G. A., J. Biol. Chem., 164, 63 (1946). 

* -4pparatua available by the courtesy of Dr. Hans Xeurath. 
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been realized. The boundary spread in the ultracentrifuge is greater than 
that attributable to diffusion alone. Correlated studies of the particle 
size distribution in the ultracentrifuge and the electron microscope are 
planned. 

Assuming a partial specific volume of 0.75, the molecular weight cal- 
culated from S 20 and D 20 is 900,000. This compares Avith the value 1,130,- 
000 calculated from diffusion and viscosity data for toxin prepared by 
another method.^ From these preliminary data a tentative frictional 
ratio of 1.76 may be assigned. If the molecules are assumed to be prolate 
elipsoids, this figure corresponds to an axial ratio, b/a = 14.6, hydration 
being neglected. 

The high molecular weight of this to.xin must be considered in any 
explanation of its pharmacological action. Nitrogen content and amino 
acid jyialysis indicate that it is a typical protein.® A molecular weight of 
900,000 suggests the presence of 2.1 X-10^ molecules per LDso. 

Camp Dcirick Frank W. Pdtn.im 

Frederick, Maryland Carl Lamanna 

Duke Univeraily School of Medicine D. G. Sharp 

Durham, North Carolina 

Received for publication, August 5, 1946 


< Kegeles, G., J. Am. Chem. Soc., 68, 1670 (1946). 

‘ Buehler, H, J., Bornor, D. H., Scbantz, E. J., and Lamanna, C., J. Bad., 61, 
571 (1946). 


AjSTTTHmilNE ACTIYITY OF PLANT mTERIALS 

Sirs: 

In the course of a series of investigations dealing with the influence of 
toxic plant materials on rats, a supply of bracken fern {Pteris aquilina) 
was obtained from an area in which a serious outbreak of “fem poisoning” 
had just occurred in cattle known to have consumed large amoimts of fem. 
The material was air-dried at room temperature, ground, and incorporated 
into three different rat rations at a level of 40 per cent of the total ration. 

Rats fed such rations gained weight for about 10 days and then lost 
weight rapidly until death occurred some 20 days later. Symptoms 
strongly suggestive of thiamine deficiency were observed in these rats. 
Although the several rations in which the fem had been incorporated were 
estimated variously to have contained from 0.2 to 0.6 mg. of thiamine per 
100 gm., large doses of thiamine (0.5 mg. daily per os) were administered to 
rats showing severe anore-xia, emaciation, and polyneuritis. Untreated 
rats showing these symptoms invariably died wi thin several days. Eats 
^ven thiamine supplements, with one exception, recovered with such 
remarkable promptness that gains of 22 to 49 gm. for the 1st week were 
obtained. Gains for the 2nd week ranged from 23 to 37 gm. Rats which 
received supplementary thiamin e from the beginning made good gains over 
a period of 5 weeks on rations containing 40 per cent powdered fem. To 
date four lots of fem, of different stages of maturity, collected from different 
localities during 1945 and 1946, have proved to.xic to rats. The above 
observations are based on axperiments involving 90 rats, twent 3 *-nme of 
which variously received thiamin e supplements and twenty-six of which 
were allowed to die as parallel controls. 

It therefore appears that we have obtained substantial eridence for 
the existence of plant substances which possess marked anti thiamin e 
activity. The mode of this action has not been determined. We have not 
noted any decrease in the toxicity of air-dried fem when heated at 105“ in 
air for 18 hours. The causative agent is essentially insoluble in ethyl ether 
and in acetone but appears to be slightly soluble in 92 per cent ethj'l 
alcohol. 

The application of these findings to “fem poisoning’' in cattle remains 
obscure. The problem in cattle is complicated by possible inteivention 
of the nuninal microflora which are responsible for a variety of synthetic 
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activities. The symptoms noted in rats are perhaps more suggestive 
of those reported in horses than those observed in ruminants. 


Department of Agricultural Chemiatnj 
Oregon Slate College 
Corvallis 


P. H. We3W10 
Anna May Freed 
J, R, Haaq 
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INHIBITORY ACTION OF CERTAIN AMINO ACIDS ON CHICKS 
RECERTNC NICOTINIC ACID-LOW DIETS* 


Sirs: 

Briggs’ and Krehl el ol,* working with chicks and rats, respectively, have 
recently sho\ra groadh-inhibiting effects of tryptophane-low proteins 
(gelatin) when incorporated in synthetic diets low in nicotinic acid. In an 
attempt to determine the cause of this growth inhibition, we have fed pure 
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tt 

tt 

10 -f 0.5% alanine 

6 

118 

1 

lOO 

12 

tt 

tt 

8 minus arginine and glj'cine 

6 

251 

1 

ICO 


* Glycine 2.0, dl-aspartic acid 0.6, dZ-alanine 0.5, Z(-i-) -arginine hydrochloride 
0.5, Z(-f)-glutamic acid 0.5, 2(— )-leucine 0.2, l(-l-)-lysine hydrochloride 0.2, dl- 
phenylalanine 0.1, dZ-serine 0.2, dZ-valine 0.1, Z(— l-tyrosine 0.1. 


amino acids, alone and in combinations, simulating in most instances their 
relative occurrences in gelatin. 

The experimental procedure and the basal diet used were the same as 
that reported by Briggs,’ except that dZ-methionine was substituted for 
Z(— )-cystine. 

That the feeding of glycine has growth-mhibiting properties under the 
conditions employed is evident (Groups 4 and 5). Furthermore, certain 


• Scientific paper No. A137. Contribution No. 2026 of the Maryland .•Agricultural 
Experiment Station (Department of Poultry Husbandry). The authors are iii- 
debted to Wilson and Company, Inc., Chicago, for 2X gelaUn and fiver fraction L 
and to Merck and Company, Inc., Hahway, New Jersey, for the crystalline vitamins. 


’ Briggs, G. M., J. Biol. Chem., 161, 749 (1945) 

> KreU, W. A., Sarma, P. S., and Elvehjem, C. A., J. Biol. Chem., 162, 403 
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other s3Tiiptom3 associated Avith nicotinic acid deficiency, namely chick 
blacktongue, diarrhea, perosis, and poor feed utilization, were also aggra- 
vated by the feeding of glycine. But most important is the complete pre- 
vention of these cachectic conditions by the feeding of nicotinic acid 
(Groups 6 and 7). As high as 6 per cent of glycine has been tolerated by 
chicks, provided sufficient nicotinic acid is contained in the diet. 

The feeding of an amino acid mixture (Group 8) and combinations of 
some of the components of this mixture demonstrated that the growth- 
inhibiting effect of gelatin is not entirely due to glycine. Arginine and 
glycine together (Group 10), and especially arginine, glycine, and alanine 
in combination (Group 11), showed marked inhibitory action. The other 
amino acids of the mixture, even in the presence of alanine, apparently were 
not involved in the growth inhibition at the levels fed, although the in- 
cidence of blacktongue was increased. Again, as in the case of glycine, 
nicotinic acid completely overcame the ill effects of the amino acid mixture 
(Group 9). These results indicate that nicotinic acid is concerned, in 
some manner, mth the metabolism of amino acids, especially glycine, 
arginine, and alanine. 

Department of Poultry Husbandry A. C. Groschke 

University of Maryland G. M. Briggs 

College Park, Maryland 

Received for publication, August 7, 1946 



THE INFLUENCE OF a-KETO ACIDS ON THE DESAMIDATION 
OF AMINO ACID AMIDES 


Sirs: 

The relatively weak desamidation of glutamine and of asparagine in 
aqueous extracts of rat Uver is considerably increased when pyruvate is 


Ammonia Nitrogen Evolced in Digests of Rat Liver loith Various Substrates' 


Substnte 

Annionia cltrosen 

Olutaminft ... 

7 

9 

“ -b pyruvate 

102 

" -t- pyruvoylglycinate - 

12 

Glutamfltp 

3 

“ -1- pyruvate 

4 

“ -b pyruvoylglycinate 

4 

Aspara^ne 

22 

“ -b pyruvate 

135 

“ -b pyruvoylglycinate 

36 

Aspartate 

8 

" + pyruvate 

13 

“ -b pyruvoylglycinate 

9 

Alanine 

10 

Alanylglycine 

0 

Pyruvate 

1 

Pyruvoylglycinate 

0 


* ^Exture3 conasted of 1 cc. of fresh aqueous tissue extract equivalent to 333 mg. 
of tissue plus 1 cc. of amino acid or amino acid amide plus 1 cc. of keto acid or 1 cc. 
of water. All substrates brought to pH 7.0 with NaOH before mixing. Initial pH 
6.8. Concentration of amino acid and amide stock solutions 1.4 X ICT^ ii, of the 
keto acids 2.7 X 10"* sr. Incubation period 4 hours at 37°. 

The concentration of pyruvate alone and in the presence of the amides falls 
uniformly at the end of the incubation to 80 per cent of the initial value. The in- 
crease in free ammonia is accompanied by a corresponding decrease inamide nitrogen. 

added to the mixture (see the table). We have provisionally interpreted 
the data in the table as being due essentially to two consecutive steps; 

(1) a condensation of die amide with pyruvate to form a dehydro- 
peptide, followed by (2) the splitting of the dehydropeptide by dehydro- 
peptidase into products which include pyruvic acid and amm onia. 

(1) RCONH, -1- R'COCOOH -» RCON==C(COOH)R' 

(2) RCON=CtCOOH)R' -» RCOOH + NBj + R'COCOOH 

The net result of Reactions 1 and 2 is the desamidation of the amino 
acid amide and the recovery of the ori^nal keto acid. The latter thus 
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STUDIES ON THE EFFECTS OF PURINES ON METABOLISM* 
Sirs: 

It has beea reported* - * that adenine or adenine plus monobasic sodium 
phosphate administered orally to dogs produces within a few weeks the 
syndrome of multiple avitaminosis (canine blacktongue) despite the normal 
vitamin-sufScient diet given to the dogs before and during the experimental 
period. These dogs also show an increase in blood urea nitrogen, non- 
protein nitrogen, liver and kidney damage, and a moderate rise in blood 
pressure. In similar experiments carried out on young albino rats it was 
found that the size and weight of the kidneys of the adenine-avitaminotic 
rats were much larger than kidneys of the controls. 

^Cce in groups of eight each, weighing between 19 and 21 gm., were kept 
on a normal diet supplemented with adenine or with adenine plus mono- 
basic sodium phosphate for 1 to 3 weeks (adenine concentration 0.01 to 
0.2 per cent; adenine plus phosphate concentration 0.01 to 0.2 per cent 
each). Sarcoma 180* was then transplanted subcutaneously by the 
trocar method, care being taken to employ small fragments of uniform 
size. The animals were then kept on the same diet for 5, 8, or 14 days, 
when the tumors were compared with those of control mice. Other 
groups of mice (fourteen in each group) were placed on the same adenine 
or adenine plus phosphate diet on the day of tumor transplantation and 
kept on this diet during the tumor-bearing period (5, 8, or 14 days). 

Under the conditions of these experiments a slight increase in the rate of 
growth of the tumor in mice fed adenine or adenine plus phosphate was 
observed when adenine either alone or with phosphate was a dmin istered 
at a concentration of 0.01 or 0.02 per cent in the normal diet for 1 to 3 
weeks prior to or during the tumor-bearing period. Higher ade nin e 
concentrations (05 or 0.3 per cent) with or without added phosphate 
resulted in loss of appetite and retarded tumor growth. 

Eats in groups of four, five, or ^ each, weighing between 120 and 1/0 
gm., were placed on a normal diet supplemented by one of the following, 
either 0.06 per cent p-dimethylaminoazobenzene and 0.01, 0.02, 0.05, 0.1, 
or 0.2 per cent adenine or 0.06 per cent ji-dimethylaminoazobenzene and 
0.01, 0.02, 0.1, or 0.2 per cent adenine plus equal amounts of monobasic 

* The work described in this paper was carried out under a research grant from 
the United States Public Health Service. 

‘ Raska, S. B., J. Am. Med. Assn., 131, 1093 (1916). 

* Raska, S. B., Science, in press. _ , • ji 

* The tumor-bearing mice used for the tumor transplantations were y sup 
pUed by Dr. C. J. Kensler, Cancer Institute, Memorial Hospital, New York. 
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sodium phosphate. Other groups of rats (four or five in each group) were 
placed on a diet supplemented wth adenine or adenine plus phosphate in 
corresponding amounts but without the dye. Sbc rats were kept on a diet 
containing 0.06 per cent of the dye wthout other supplement. The rate 
were kept on these diets for 38 to 69 days. 

The pathological changes in the liver produced by the dietary intake of 
p-dimethylaminoazobenzene developed more rapidly and were more severe 
in the animals receiving the diet supplemented with 0,05, 0.1, or 0.2 per 
cent adenine or 0.05 to 0.1 per cent adenine and phosphate. However, 
it appeared that small amounts (0.01 to 0.02 per cent) of adenine in the 
diet either alone or with phosphate had a protective action against the liver 
damage produced by the dye. 

It is probable that in the adenine-avitaminotic animal not only the rate 
of formation of a number or nucleoproteins and their split-products but 
also the function of various enzymes and coenz 3 Tnes is altered .=* Adenine 
in small concentration is essential for normal growth. Adenine or its 
metabolites in greater concentrations mig^t be a significant factor in 
stimulating pathologic growth, possibly by inhibiting enzyme s 3 ^teins 
through interference with synthesis and utiJizatfon of coenzymes such as 
flavin-adenine dinucleotide, phosphopyridine dinucleotides (coenzyme I and 
II), and adenosine triphosphate. 

Further studies are planned to determine the biochemical mechanism 
of the action of adenine. Studies with adenine containing isotopic carbon 
or nitrogen would appear to provide an ideal means for identification of the 
biological systems in which adenine plays a part, and for studies of the 
metabolism of adenine in health and disease. 

Department of Pharmacology Siawrn B. Easka 

Cornell University Medical College 

New York City 


Received for publication, September 18, 1946 
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adienal cortical function, relation. 
Beard, Sohel, and Venning, 699 
Phenols, Banker and Schmidt, 

427, 431 

— , diet effect, Banker and Schmidt, 

427, 431 

— , phthalylsulfathiazole effect. Banker 
and Schmidt, 431 


Urine— contfnucd; 

Sulfur distribution, cystine and 
methionine derivatives, administra- 
tion effect, Shen and Lems, 115 

V 

Veslcant(s):/?-ChlQroethyl, blood serum, 
eHect, Ojessing and Chanutin, 413 
Vltamlnfs): Bj. See also Thi ami ne 
Bj, Sarma, Snell, and Elvehjem, 65 
— , tissue, dietary protein, relation, 
Schweigert, Sauberlich, Elvehjem, and 
Baumann, 187 

— . See also Pyridoxine 
G excretion, cystine effect, Roberts 
and Spiegl, 727 

, methionine effect, Roberts and 

Spiegl, 727 

— — , protein effect, Roberts and 
Spiegl, 727 

— . See also Ascorbic acid 
H. See also Biotin 

W 

Wax(es) ; Bacteria, acid-fast, carboxylic 
acids, nature, Stdllberg-Stenhagen 
and Slenhagen, 699 

Whey: Lactoglobulins, immune, isolation 
and properties. Smith, 665 

Wool: Formaldehyde effect, Steinhardt, 
Fugitt, and Harris, 285 

Work: See also Exercise 




